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Abstract
This article describes the manufacturing of silicon carbide composites with the addition of quasi-two-dimensional titanium 
carbide Ti3C2, known as MXene. The composites were obtained by the powder metallurgy technique, consolidated with the 
use of the Spark Plasma Sintering method at 1900 °C and dwelled for 30 min. The influence of the Ti3C2 MXene addition 
on the microstructure and mechanical properties of the composites was investigated. The structure of the MXene phase after 
the sintering process was also analyzed. The results showed a significant increase (almost 50%) of fracture toughness for 
composites with the addition of 0.2 wt% Ti3C2 MXene. In turn, the highest hardness, 23.2 GPa, was noted for the composite 
with the addition of the 1.5 wt% Ti3C2 MXene phase. This was an increase of over 10% in comparison to the reference 
sample. The analysis of chemical composition and observations using a transmission electron microscope showed that the 
Ti3C2 MXene phase oxidizes during sintering, resulting in the formation of crystalline, highly defected, disordered graphite 
structures. The presence of these structures in the microstructure, similarly to graphene, significantly affects the hardness 
and fracture toughness of silicon carbide.

Keywords  Ceramic matrix composites (CMCs) · Mechanical properties · Sintering · MXene

1  Introduction

Silicon carbide (SiC), aside from a number of advantages 
such as high hardness, high wear resistance and the stability 
of these properties in a broad temperature range, also shows 
low fracture toughness, which drastically limits its potential 
applications [1–3]. To eliminate this disadvantage, in addi-
tion to the development of novel sintering technique [4–6], 

the production of composites has become necessary. There 
are a few materials that can be used as reinforcements in sili-
con carbide matrix composites and which improve fracture 
toughness without reducing other properties, such as hard-
ness or thermal stability, e.g., SiC–carbon fiber composites 
[7] or SiC/SiC composites [8]. The progress in methods of 
manufacturing two-dimensional (2D) materials, initiated by 
Geim and Novoselov obtaining graphene, created an oppor-
tunity for the development of a new family of composites 
reinforced with 2D crystals [9]. The use of graphene and 
other graphene family materials (GFM), such as graphene 
oxide or metal-coated graphene, in ceramic matrix compos-
ites caused significant changes in the microstructure [10, 
11]. Due to their unique geometry, a decrease in the average 
grain size of the matrix can be observed, which translates 
into a significant increase in hardness. Furthermore, the 
GFM addition improves fracture toughness by introducing 
mechanisms such as delamination, crack bridging, deflec-
tion, and branching into ceramic matrix [12, 13].

MXene phases are one of the newest and most promis-
ing groups of 2D crystals. Their genesis dates back to the 
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1970s, when the MAX phases, otherwise known as Now-
otny’s phases, were described [14, 15]. Their name refers 
to their stoichiometry, which can be written as M(n+1) AXn, 
where M stands for a transition metal (Ti, V, Cr, Nb etc.), A 
is a group 13 or 14 metal (Al, Si etc.), X is nitrogen or car-
bon, and n = 1, 2 or 3 [16]. Depending on the n number, the 
MAX phases may be divided into six groups: M2AX (phase 
211), M3AX2 (phase 312), M4AX3 (phase 413), M5AX4 
(phase 514), M6AX5 (phase 615),and M7AX6 (phase 716) 
[17]. MAX phases form a laminated structure with high 
anisotropy properties. M(n+1)Xn layers with strong covalent 
bonds can be distinguished within them. These layers are 
connected with each other by much weaker metallic M–A 
bonds. A significant difference in the energy of these bonds 
caused the removal of group A atoms as a consequence of 
etching. This phenomenon allowed to obtain expanded 2D 
layers with a M(n+1)Xn stoichiometry that are chemically and 
thermally stable [18]. These have been named MXene. The 
first attempt to conduct this type of process was described by 
Naquib et al. in 2011 [19]. Studies show that MXene phases, 
due to their unique electrical and chemical properties, show 
the potential for use in medicine [20–23], the construction 
of a new generation of energy storage [24–28], and for the 
creation of various types of sensors [29, 30]. A number of 
researchers also raised the idea of using MXene phases as 
a reinforcement in the polymer-based composites nylon-6 
[31], polyurethane [32, 33], polyvinyl alcohol [34, 35] and 
polyvinylidene fluoride [36].

Moreover, MXene phases were successfully incorporated 
into a metallic matrix. A study [37] proved that a 3 wt% 
MXene addition improves the fracture toughness and ten-
sile strength properties of alumina matrix by 92% and 50% 
respectively. An almost twofold decrease of the coefficient of 
friction was observed in the case of those composites. Guo 
et al. [38] presented hybrid epoxy resin matrix composites 
reinforced with MXene phases and nano-Al2O3. With these, 
a significant decrease of the wear rate was detected.

The chemical composition and geometry of MXene 
phases, similar to graphene, suggest that they may play the 
role of reinforcements in ceramic-based composites. How-
ever, the current state of the literature suggests that adequate 
research has not been conducted on this topic. The main 
issue in the case of introducing MXene phases into a ceramic 
matrix is the high temperature required for the sintering of 
dense composites, as well as interdiffusion and chemical 
reactions that can occur at the sintering temperature between 
the sintered composite’s phases. In addition, as studies show, 
the MXene phases tend to degrade quickly in an oxygen 
environment, namely at temperatures above 300 °C; whereas 
in an argon atmosphere, this threshold can be raised to 800 
°C [39].

M. Fei et  al. [40] made an attempt to obtain Al2O3 
matrix composites reinforced with a Ti3C2Tx phase using 

pressureless sintering in air conditions. The analysis of 
mechanical properties allowed for an increase in fracture 
toughness, flexural strength, and hardness by 300%, 150%, 
and 300%, respectively, for the composites containing a 3 
wt% addition of the MXene phase. Cygan et. al. [41], in 
turn, compared the influence of the Ti3C2 MXene phase and 
the Ti3C2 phase sputter coated with titanium and molyb-
denum on the microstructure and mechanical properties 
of Al2O3. They established that the presence of a metallic 
coating may notably change the form of degradation in the 
MXene phases. The composites with the addition of Ti3C2 
coated with molybdenum exhibited an increase in hard-
ness of almost 10% and an increase in fracture toughness 
of almost 15%. Guo et. al [42] proposed an unconventional 
Cold Sintering Process (CSP), which assumes the use of 
a transient aqueous solution to produce dense ZnO–Ti3C2 
composites at temperatures below 300 °C. An increase in 
hardness of nearly 50% was obtained for a 1 wt% additive, 
and nearly 150% for a 5 wt% additive. The elastic modulus 
was 30% and almost 100% higher (for 1wt% and 5wt% addi-
tives, respectively) than the one of the unreinforced ZnO. An 
increase of 1–2 orders was observed for thermal conductivity 
for ZnO-5 wt% Ti3C2.Woźniak et. al. [43], in turn, describe 
the SiC composites with the addition of Ti2C phase sintered 
with the use of the Spark Plasma Sintering (SPS) method at 
a temperature of up to 1900 °C, where the influence of the 
MXene phase on the improvement of mechanical proper-
ties was demonstrated despite the temperature significantly 
exceeding their thermal stability. The microstructure analy-
sis showed the presence of flakes located at the boundaries 
of the grains, which were identified by the authors as Ti2C 
flakes. The same authors studied the influence of the Ti3C2 
MXene phase on a silicon nitride matrix [44]. They did not 
detect any MXene phases in the final microstructure of the 
sinters. Nonetheless, a major influence of the Ti3C2 phase on 
the phase composition of the obtained sinters was observed. 
A 2 wt% addition of the MXene phase is enough for the 
phase transformation to be blocked, with a simultaneous 
creation of Si2N2O phases. Ding et al. [45], in turn, proposed 
a method of obtaining MXene derived TiC/SiBCN ceramic 
materials for electromagnetic shielding. While heating the 
mixture of carbon-rich hyperbranched polyborosilazane pre-
cursor (hb–PBSZ) and Ti3C2Tx MXene, the forming tita-
nium oxides react with carbon and produce titanium carbide.

There is a limited amount of research on the usage of 
MXene phases as a reinforcement in ceramic matrix com-
posites which may constitute a basis for further studies. 
This article describes the attempts to produce silicon car-
bide matrix composites with the addition of the Ti3C2 phase 
using the Spark Plasma Sintering method and investigates 
the effect of its addition on microstructure and mechanical 
properties. A detailed analysis of the structure of the rein-
forcing phase after the sintering process was also carried out. 
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It allowed for the identification of the mechanisms respon-
sible for the influence of the MXene addition on the silicon 
carbide.

2 � Experiment

2.1 � Substrates

The powder used as a matrix was commercial β-SiC (Alfa 
Aesar, 99.8% chemical purity, 0.42 µm average particle 
size). As sintering activators, amorphous boron powder 
(International Enzymes Limited, 96% chemical purity, 0.39 
µm average particles size) and synthetic graphite powder 
(Sigma Aldrich, 99% chemical purity, average flake size 
below 20 µm) were used. A Ti3C2 MXene phase was applied 
as a reinforcement. Spherical Carbon Black (Sigma Aldrich, 
99% chemical purity, average particles size below 100 nm) 
was added as the sintering aid in the reference composite.

2.2 � Ti3C2 MXene preparation

The 312 MAX phase-Ti3AlC2 was synthetized with the use 
of the self-propagating high-temperature synthesis technique 
(SHS). A detailed description of this method was included in 
the study [46]. In short, the synthesis was carried out using 
SHS-derived Ti3Al (aluminum powder: AEE, 99% chemi-
cal purity, particle size -325 mesh; titanium powder: AEE, 
99.9% chemical purity, particle size -325 mesh) and graphite 
(Merck no. 1.04206.9050, 99.8% chemical purity, average 
particle below 50 μm) as substrates. The substrates reacted 
in stoichiometric proportions according to the equation:

125 g of the homogenized powder mixture was placed in 
the chamber and ignited (local ignition system). The ignition 
time was 60 s. Following that, the self-sustaining process 
was continued until the substrates were consumed. After 
cooling, the product of the synthesis was ground (8 h grind-
ing, rotary-vibratory mill, WC balls, isopropanol).

For obtaining the Ti3C2 MXene phase, the expanding and 
delamination processes were carried out on the MAX phase. 
For that purpose, the Ti3AlC2 powder was added to hydro-
fluoric acid (48 wt.% in water solution) in the amount of 1 g 
of MAX phase per 10 ml. The suspension was stirred with 
a magnetic bar for 24 h. After sedimentation and decanting 
of the suspension, the washing process with deionized water 
and ethanol was performed. Subsequently, the two-step pro-
cess of delamination with the use of ultrasound probe soni-
cation (Vibra Cell, VCX750) took place. First, the expanded 
Ti3C2 was dispersed in hexane (1 g MAX phase per 50 ml). 
Then, the sonication process was conducted in an inert gas 

Ti3Al + 2C → Ti3AlC2.

atmosphere and an ice bath for 2 h (520 W power, 1 s Pulse 
ON, 3 s pulse OFF). In the second stage, after decantation 
and drying, the process of delamination was repeated and 
dry propan-2-ol was used instead of hexane. The ratio of the 
powder to the dispersing medium and the conditions were 
the same as before, but the duration of the process was half 
as long (1 h, 1 s pulse ON, 3 s pulse OFF). The suspension 
was then centrifuged for 2 min at 2500 rpm. The sediment 
of Ti3C2 MXene was dried for 6 h at 23 °C and then stored 
for further use at 50 °C in an argon atmosphere.

2.3 � Ti3C2 characterization

The surface morphology and the shape of particles of Ti3C2 
MXene 2D sheets were investigated with the use of a scan-
ning electron microscope (SEM, LEO 1530, Zeiss, USA). 
The structure of Ti3C2 was analyzed using a transmission 
electron microscope. The surface chemistry of the obtained 
Ti3C2 phase sheets was analyzed using an X-ray photoelec-
tron spectroscopy (XPS). For this purpose, a PHI 5000 Ver-
saProbe (ULVAC-PHI, Kanagawa, Japan) spectrometer with 
monochromatic Al Kα radiation was used.

2.4 � SiC–Ti3C2 composites manufacturing

SiC–x Ti3C2 composites (where x = 0.2, 0.5, 0.7, 1, 1.5, 2, 
2.5, 3 wt%) were obtained through the powder metallurgy 
technique and sintered with the use of the Spark Plasma 
Sintering method. Based on the previous optimization work 
[47], the amount of sintering aids, i.e., boron and carbon, 
was 0.3 wt% and 1 wt%, respectively. The prepared pow-
der mixtures were homogenized in a planetary mill (Fritsch 
PULVERISETTE 5/4, Germany) for 10 h in an isopropyl 
alcohol suspension. Corundum balls were used as a grind-
ing aid (10 g of grinding balls per 1 g of powder mixture). 
After drying (T = 50 °C) and sieving (#300 µm) the cylindri-
cal samples (d = 20 mm, H = 3 mm) were consolidated in a 
vacuum (5 × 10−2 m bar) with the use of SPS. The applied 
sintering conditions were as follows: sintering temperature: 
1900 °C, heating rate: 100 °C/min, dwell time: 30 min, 
applied force: 16 kN. Some changes in the microstructure 
and mechanical properties were connected with the reinforc-
ing phase used. A pure SiC with the addition of only 1 wt% 
of graphite and 0.3 wt% of boron was sintered to thoroughly 
analyze this. With the purpose of identifying the flakes pre-
sent in the microstructure, SiC with 2 wt% of Ti3C2, 0.5 wt% 
of carbon black instead of graphite and 0.3 wt% of boron 
were sintered as the reference composite.

2.5 � SiC–Ti3C2 composites characterization

The density of the specimens was examined using the Archi-
medes method (Standard number: PN-76/B-06714/05), 
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whereas hardness and fracture toughness were measured 
with the Vickers Hardness Tester (FV-700e, Future Tech, 
Kawasaki-City, Japan) using the indentation method under 
a load of 49.05 N. To determine the mechanical properties 
of the ceramics, the tests were carried out on three samples 
of the obtained composites. 20 hardness measurements and 
12 crack length measurements were made for each sam-
ple. The microstructure observations were performed on a 
scanning electron microscope (SEM 5500, Hitachi, Tokyo, 
Japan). On the basis of the obtained images, the average 
equivalent grain diameter was determined (NIS-elements 
software was used). The qualitative phase composition of 
the obtained sinters was analyzed with the use of XRD dif-
fraction (Bruker Corporation, Billerica, MA, USA) with Cu 
K α (λ = 0.154056 nm) radiation. The recording was made in 
the angular range of 2θ angle from 10º to 110º with a step of 
2θ-0.05º and a counting time of 3 s. The elemental mapping 
was performed using a scanning electron microscope with 
an EDS display. Scanning transmission electron microscopy 

images and diffraction patterns were obtained on an FEI Tec-
nai G2 F20 S-TWIN microscope (Oregon, USA), operating 
at 200 kV and equipped with a Fischione 3000 high angle 
annular dark field (HAADF) STEM detector.

3 � Results

The characterization of Ti3C2 MXene used as the reinforce-
ment is presented in Fig. 1. Figure 1a, b shows the morphol-
ogy of expanded Ti3C2 MXene phases and multilayered 2D 
flakes of Ti3C2, respectively. These figures present how indi-
vidual layers separate and spread, creating a loosely packed 
stack. This phenomenon is the effect of the reaction of the 
MAX phase with hydrofluoric acid, which has etched the 
aluminum atoms. The use of the sonication process con-
tributed to the separation of these layers, whereby 2D Ti3C2 
flakes were obtained (Fig. 1b). The presence of the Tyndall 
effect clearly shows that the obtained Ti3C2 MXene sheets 

Fig. 1   The morphology of a 
Ti3C2 MXene after etching and 
b delaminated 2D Ti3C2 MXene 
phase accompanied with 
Tyndall test, c Cross-sectional 
HRTEM observations of the 
multilayered structure of the 
individual 2D Ti3C2 MXene 
sheets, d The intensity pattern 
revealing a period related to 
d-spacing of 0.9 nm, e results 
of EDX analysis f curved-fitted 
XPS spectrum related to Ti2p, 
g curved-fitted XPS spectrum 
related to O1s
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formed a stable colloidal solution in deionized water (upper 
insert in Fig. 1b). Figure 1c–e presents the TEM analysis of 
the Ti3C2 phase. The thickness of individual Ti3C2 flakes 
varies by around a few nanometres (Fig. 1c, d), whereas the 
d-spacing for –Ti3C2–Ti3C2–Ti3C2– period is 0.9 nm. This 
corresponds well with the results of other research obtained 
for the multilayered Ti3C2 [48]. A chemical composition 
analysis of the produced crystals revealed the presence of 
copper and oxygen (Fig. 1e), in addition to titanium and 
carbon. The presence of copper is associated with the prepa-
ration of the sample, while oxygen suggests the existence 
of functional groups on the flakes’ surfaces. This fact is 
also supported by the presence of extremely small particles 
observed on the surface of delaminated flakes (Fig. 1b).To 
verify this observation, the delaminated Ti3C2 flakes were 
subjected to an XPS analysis. The deconvoluted XPS spectra 
were presented in Fig. 1f, g. The results of these experiments 
revealed the presence of a Ti2p signal (Fig. 1f) in the range 
of binding energy from 454.7 to 465.2 which confirmed the 
occurrence of Ti–C and Ti–O bonds. This indicates that the 
small surface particles may be identified as titanium dioxide 
(TiO2) of both a crystalline and amorphous form. In turn, 
the spectrum presented in Fig. 1g indicates the presence of 
C–O and C = O bonds. This type of functional group is also 
characteristic for the MXene phases [19].

The influence of the delaminated 2D Ti3C2 phase addition 
on the physical and mechanical properties of the obtained 
composites is presented in Table 1. As can be observed, the 
addition of 0.2 wt% Ti3C2 results in a minimal increase in 
relative density to the level of 99.5%. A slow decrease in 
relative density, reaching the level of the reference sample 
(98.4%) is observed for the composite with the 1 wt% addi-
tion of Ti3C2. Increasing the amount of the MXene phase 
does not further increase nor decrease the relative density, 
which fluctuates from 1 wt% to 3 wt% of Ti3C2 in the area 
of 98.5%.

An increase of hardness with the increasing content of 
Ti3C2, from 20.7 GPa for pure sinter to 23.5 GPa for com-
posites with 1.5 wt% of Ti3C2 addition can be observed. 

After exceeding this content, a systematic drop in the aver-
age hardness to the level of 21 GPa occurs. It is worth not-
ing that in composites with the higher amount of Ti3C2 (1.5 
wt% and above), high error bars indicating a large spread of 
measured values may be observed.

In the case of fracture toughness, its highest value was 
obtained for the 0.2 wt% addition. The increase was over 
50% higher in comparison with pure silicon carbide. The 
values amounted to 3.1 for the pure sinter and 4.65 for the 
0.2 wt% of Ti3C2 addition. Following that, along with the 
increase in the content of the Ti3C2, fracture toughness, simi-
larly to hardness, slowly but steadily drops down to a level 
close to the reference sample.

The description of the composites has been supplemented 
with a stereological analysis (Table 1). A decrease of aver-
age grain size, even for small additions of the reinforcing 
phase, can be observed. The calculated average equivalent 
diameter decreased from 0.99 µm for pure SiC to 0.72 µm 
for SiC with a 0.5 wt% addition of Ti3C2. After exceeding 
0.5 wt% of Ti3C2 addition, the average grain size stabilized 
at a constant level oscillating around 0.73 µm for the entire 
analyzed range. A similar phenomenon has been reported 
by other authors in the case of graphene family materials 
reinforced ceramic composites [49] or silicon carbide com-
posites reinforced with a 2D-Ti2C phase [43].

A thorough microstructure analysis was carried out to 
accurately characterize the produced composites and the 
mechanisms responsible for the impact of the addition of 
MXene phases on the change in the mechanical proper-
ties of the composites. The analysis included fracture sur-
face observations (Fig. 2) and phase composition analysis 
(Fig. 3). A homogeneous microstructure in terms of the 
grain’s shape and size can be observed for all compos-
ites. For a small addition of the MXene phase, a few-layer 
flake located on grain boundaries may be noticed (Fig. 3a). 
Their shape and geometry correspond to the shape and 
geometry of the Ti3C2 flakes used (Fig. 1a, b). The pre-
sented pictures show that the flakes are characterized with 
a strong bond to the matrix. The interface is devoid of 

Table 1   Relative density, 
average grain size, hardness 
and fracture toughness of the 
obtained composites

Material Relative density [%] Average grain 
size [µm]

Hardness [GPa] Fracture tough-
ness [MPa*0.5]

SiC 98.4 ± 0.24 0.99 ± 0.04 20.7 ± 0.4 3.1 ± 0.2
SiC + 0.2 wt% Ti3C2 99.5 ± 0.20 0.72 ± 0.02 20.4 ± 0.3 4.5 ± 0.3
SiC + 0.5 wt% Ti3C2 99.1 ± 0.34 0.73 ± 0.03 21.5 ± 0.3 4.3 ± 0.3
SiC + 0.7 wt% Ti3C2 98.6± 0.41 0.73 ± 0.03 21.7 ± 0.4 4.4 ± 0.2
SiC + 1 wt% Ti3C2 98.4 ± 0.21 0.72 ± 0.05 22.7± 0.4 4.2 ± 0.3
SiC + 1.5 wt% Ti3C2 98.1± 0.34 0.75 ± 0.04 23.2 ± 0.4 3.9 ± 0.5
SiC + 2 wt% Ti3C2 98.4 ± 0.43 0.71± 0.03 22.4 ± 1.0 4.0 ± 0.4
SiC + 2.5 wt% Ti3C2 98.5 ± 0.38 0.72 ± 0.03 21.5 ± 1.0 3.3 ± 0.4
SiC + 3 wt% Ti3C2 98.4 ± 0.41 0.73 ± 0.06 21.2 ± 0.6 3.2 ± 0.6
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pores, voids, and discontinuities. Its character changes 
with the increase of Ti3C2 content. For the SiC with the 2.5 
wt% and 3 wt% additions of Ti3C2 (Fig. 2b, c respectively) 
flakes of much higher thickness can be observed. This is 
accompanied by the appearance of voids and pores within 
the flakes. This analysis suggests that the observed flakes 
may be identified as Ti3C2 flakes. However, this conclusion 
was not confirmed by the results of the phase composition 

test presented in Fig. 3. The position of XRD peaks and 
almost identical XRD pattern for all tested samples con-
firmed single-phase compositions in the case of both the 
pure SiC sinter, and the produced composites. Apart from 
β-SiC and trace amounts of carbon, the Ti3C2 phase was 
not found in any of the tested composites [50].

Due to incomplete information on the structure of the 
observed flakes, an elemental mapping analysis was per-
formed using the EDS technique (Fig. 4). Figure 4a, b pre-
sents the areas analyzed for the SiC + 2 wt% of Ti3C2 com-
posite. The microscopic analysis revealed the presence of 
two-layer structures in the material. One of them, shown 
in Fig. 4a, is of a significant width, exceeding 10 µm. The 
elemental map analysis has shown that these structures are 
built with carbon, which, in combination with their layer-
ing, allows one to recognize them as graphite. Their shape 
and size, combined with the absence of titanium within the 
carbon structure, suggests that this is the residue of graph-
ite used as a sintering aid. The layered structures shown in 
Fig. 4b began to appear more often, characterized by sig-
nificantly smaller dimensions (approx. 1–5 µm in length). A 
chemical composition analysis confirmed that the mentioned 
structures consist mainly of carbon. In relation to graphite 
structures (Fig. 4a), titanium was found within them. As a 
reference sample, SiC sinter with a 2 wt% content of Ti3C2 
was produced and subjected to analysis, whereas spheri-
cal carbon black (0.5 wt%) was used as the carbon source 
instead of graphite. As previous studies have shown [47], 
its addition in this amount ensures a high densification of 
silicon carbide and does not leave carbon structures in the 
microstructure after sintering. As can be seen in Fig. 4c, 
in this case layered structures are also observed, which, as 
shown by elemental map analysis, are made mainly of car-
bon. Similar to the structures observed in the SiC + 2 wt% of 
Ti3C2 with graphite addition (Fig. 4b), areas rich in titanium 

Fig. 2   Fracture surface of the obtained composites a SiC + 0.7 wt% 
of Ti3C2, b SiC + 2.5 wt% of Ti3C2 and c SiC + 3 wt% of Ti3C2 

Fig. 3   The XRD results of the obtained composites
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were found in their surroundings. In both cases, carbon and 
titanium-rich areas did not coincide.

The above analysis has been supplemented with TEM 
analysis. SiC + 2 wt% of Ti3C2 with the addition of graph-
ite (Fig. 5) and SiC + 2 wt% of Ti3C2 with the addition of 

carbon black (Fig. 6) were subjected to testing. Figure 5a 
depicts an exemplary picture of the microstructure. Electron 
diffraction has confirmed the presence of only the SiC-β 
phase, whereas SiC are the only grains visible. In Fig. 5b 
the HAADF-STEM image of a reinforcement phase particle 

Fig. 4   SEM image and energy-
dispersive X-ray spectroscopy 
(EDS) maps of a polished cross-
section of the composites a and 
b SiC + 2 wt% of Ti3C2 with 
graphite as a sintering aid, c 
SiC + 3 wt% of Ti3C2 with car-
bon black as a sintering aid
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placed between the SiC grains was shown. The intensity of 
the HAADF signal is roughly proportional to the square of 
the average atomic number (Z2) of the tested area and the 
thickness of the specimen (mass–thickness contrast). Local 
variations in the specimen’s thickness are usually negligi-
ble, hence the higher intensity of the grains in the HAADF 
image suggests that they consist of heavier elements than 
the reinforcement phase. More than 2 types of interface 
have also been observed. Either the reinforcement phase 
was strongly adhering to the SiC grains (area 1) or small 
pores present between the reinforcement and the SiC grains 
(area 2) were noted. A significantly greater number of areas 
characterized with proper cohesion than the porous ones has 
been observed. Figure 5c presents the HRTEM image of 
the reinforcement phase/SiC interface taken along the [112] 
zone axis of the SiC grain. Fourier transform (FFT) shows 
spots arising from both the silicon carbide and reinforce-
ment phase. The latter corresponds to a d-spacing of 3.40 Å 
and 1.68 Å which is consistent with the (0002) and (0004) 
reflections of graphite, respectively. The graphite planes 
deformed, which is also reflected in FFT as the spots are 
arc-shaped. The visible interface does not entail any pores, 

discontinuities, nor voids. Figure 5d presents the HRTEM 
picture of area 2, where voids and pores were detected. In 
this case, graphite layers are mutually parallel with no signs 
of deformation or spots instead of arcs visible in FFT (dou-
ble spots are caused by a small misalignment of different 
parts of delaminated graphite). All of the layered structures 
present in the microstructure were identified as graphite.

Figure 6 presents the TEM analysis results for the SiC + 2 
wt% of Ti3C2 composites with carbon black as the sintering 
aid, whereas Fig. 6a depicts a flake of reinforcement phase 
located between the matrix grains. Selected area electron 
diffraction (SAED) has confirmed that the observed phase 
is graphite. The diffraction pattern along with the HRTEM 
image taken from the same place and the corresponding 
FFT (Fig. 6b) have shown that graphite was significantly 
deformed. The defects are visible both as the delamination of 
certain areas and the bending of individual graphite sheets. 
The interplanar spacing between (0002) graphite planes of 
all structures oscillates around 0.340 ± 0.1 nm. Figure 6c 
shows the TEM BF image of the SiC grain adjacent to the 
graphite structures. The HRTEM image of the reinforce-
ment phase/SiC interface (Fig. 6d) along with the FFT of 

Fig. 5   TEM analysis: a TEM 
Bright Field of the microstruc-
ture of SiC/Graphite/2wt% 
Ti3C2 and electron diffraction 
of matrix grains, b STEM 
image of the reinforcing phase 
c HRTEM image of the area 
1 and Fourier transform, d 
HRTEM image of the area 2 
and Fourier transform
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the entire area confirms the presence of graphite planes. 
The spots (0004) and arc-shaped lines (0002) suggest major 
graphite defects nearby the interface with matrix grains. It is 
worth emphasizing that the interface itself does not contain 
any voids nor pores. Graphite flakes strongly adhere to the 
matrix, and silicon carbide planes connect to graphite planes 
with no transitional layer visible.

4 � Discussion

The analysis of the mechanical properties of the obtained 
SiC–Ti3C2 composites presented in this work unambigu-
ously suggests that the addition of an MXene phase allows 
one to considerably enhance the mechanical properties of 
a ceramics matrix. The microscopic observations of frac-
ture surfaces confirm the presence of another phase located 
on the grains’ boundaries. Its shape and size suggest that it 
appeared as the effect of adding the Ti3C2 phase. Moreover, 
this phase may be the cause of the observed increase of hard-
ness and fracture toughness.

To thoroughly understand the mechanism responsible for 
the increase of mechanical properties, the above-mentioned 
structures were subjected to a detailed analysis. As the EDS 
elemental mapping indicated (Fig. 4b), all of the flakes with 
geometry conforming to Ti3C2 flakes consist predominantly 
of carbon. Small accumulations of titanium may be noticed 
within them, which points out to their origin. Areas rich in 
carbon and titanium do not fully correspond to each other, 
which does not indicate a Ti3C2 stoichiometry. The pres-
ence of carbon structures, with morphology corresponding 
to one of MXene phase, surrounded with small accumulates 
of titanium were also detected during the mapping process 
of the EDS composite. Carbon Black was used as an addition 
in the aforementioned process with the purpose of eliminat-
ing the remnants of graphite used as a sintering aid. The 
TEM analysis showed that the aforementioned structures are 
characterized with a hexagonal structure and planar spac-
ings corresponding to those of graphite. The presence of a 
considerable amount of graphite flakes was detected both 
in the case of composites with the addition of carbon black 
and those with the addition of graphite. No other phases 
apart from β-SiC were detected. That fact, combined with 

Fig. 6   TEM analysis: a TEM 
Bright Field of the micro-
structure of SiC/CB/2wt% 
Ti3C2 and electron diffraction 
of matrix grains, b HRTEM 
image of the reinforcing phase, 
c TEM Bright Field of the SiC 
grain and adjacent graphite, d 
HRTEM image of the area 1 
and Fourier Transform
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trace amounts of carbon in the case of composites with the 
graphite addition leads to the conclusion that MXene phases 
may undergo transformation during the process of sintering, 
causing the creation of graphite. The conclusions that arise 
from the analysis of the SEM results and the TEM observa-
tions are supported by the XRD results. They confirm the 
lack of phases other than β-SiC and the presence of some 
traces of graphite in the final microstructure. Moreover, it is 
also worth noting that the addition of MXene phases did not 
affect the β-SiC → α-SiC phase transformation. This allows, 
to conclude that changes in the mechanical properties occur 
as the result of the addition of the Ti3C2 phase.

A similar phenomenon of MXene phase decomposition 
with the formation of carbon structures was described by 
Naquib et al. [51]. As a result of flash oxidation of 2D Ti3C2 
at 1150 °C for 30 s, a disordered graphitic carbon decorated 
with nanocrystalline anatase was obtained. Moreover, simi-
lar structures were produced by hydrothermal treatment of 
MXene at 150–250 °C or by oxidizing in CO2 at 150–300 
°C. An attempt to explain the mechanisms responsible for 
the above phenomenon was made by Lotfi et.al. [52]. They 
investigated the oxidation of the MXene structure in differ-
ent environments and compared the obtained results with 
the results of molecular dynamics simulations. The authors 
performed a series of MD-NVT simulations on MXenes in 
the presence of different molecules (200 oxygen molecules, 
100 oxygen and 100 water molecules, 200 hydrogen perox-
ide molecules) and different temperatures (1000 K, 1500 K, 
2000 K, 2500 K and 3000 K). The Computational method 
was supported with the bond-order-based reactive force 
field technique (ReaxFF). The simulation, confirmed by 
the test results, showed that in the case of dry or wet air at 
the temperature of 1500 K, the MXene phase oxidized and 
created graphite structures decorated with titanium oxides. 
This is demonstrated by the sudden increase in the num-
ber of C–C and Ti–O bonds with the simultaneous fall of 
Ti–C bonds. Heating the MXene in a vacuum resulted in 
the recrystallization of Ti3C2 into a cubic TiC and no carbon 
structures were formed (carbon residues evaporated as CO2). 
The transformation of MXene phases requires the titanium 
atoms to diffuse from the inside of the flakes. These atoms 
may diffuse both along the flakes and across, in the direc-
tion of the surface. As was mentioned in the work [52], the 
diffusion of titanium atoms to the flake surface causes major 
defects to the structure, which may disturb the creation of 
C–C bonds. The carbon structures in the obtained compos-
ites demonstrate a major defect that may be observed in the 
HRTEM pictures and the arc shape of spots in FFT (Figs. 5c, 
6b). In the previous studies [53] concerning the influence of 
graphene on the mechanical properties of silicon carbide, 
graphene did not demonstrate such defects, which suggests 
that this phenomenon is not connected to the process of 
sintering itself. Presumably, it emerges from the genesis 

of these structures. This confirms the thesis about graphite 
structures being the effect of transformation of the added 
MXene phases.

To comprehend which creation mechanism of the hybrid 
structures may take place during the process of sintering 
composites in the SiC/C/Ti3C2 system, one must thor-
oughly trace the process conditions. The vacuum inside the 
SPS chamber is intended to protect the graphite parts (die, 
punches, and pistons), whereas the conditions between the 
particles of powder trapped in the graphite dye are different. 
Silicon carbide tends to passivate, which results in covering 
its particles with thin layers of SiO2. During the process of 
sintering, silica evaporates into the area between grains. In 
higher temperatures, these gases are enriched with gaseous 
SiC, created as a result of thermal decomposition. Carbon, 
present during the sintering process, causes the reduction of 
silicon carbide as presented in the formula [54]:

More to the point, as studies show [55], one of the first 
stages of oxidizing the MXene phases which may occur in 
200–400 °C is the loosing of –OH, = O and –F functional 
groups and physically adsorbed H2O from the surface. As 
a result of these factors, a mixture of O2, CO and H2O is 
obtained in the surrounding of Ti3C2 flakes. Some of these 
components, according to [52, 55], may be responsible for 
the creation of disordered carbon decorated with nanocrys-
talline anatase. In temperatures below 900 °C, anatase parti-
cles may transform into a high-temperature variation called 
rutile. This melts at 1830 °C under standard pressure, thus at 
the sintering temperature above 1900 °C it may be subjected 
to melting and dissolving on the grains’ boundaries in the 
close surroundings of disordered graphite. That, in turn, may 
impede its identification. Furthermore, a part of the rutile 
particles may be dispersed in carbon structures, which also 
makes its identification more difficult. However, this may 
clarify the accumulation of titanium within graphite flakes.

The above-mentioned oxidation of MXene phases results 
in the presence of disordered graphite flakes on the matrix 
grains’ boundaries during the sintering process. Thus, like 
graphene, their occurrence tends to limit the growth of 
matrix grain, which is confirmed in Table 1. This phenom-
enon will be reflected in the increase of hardness of the ana-
lyzed composites. A strong connection between the created 
structures and the matrix will result in the emergence of 
mechanisms such as delamination, bridging, and deflection 
of cracks, caused by the structures’ geometry. The mecha-
nisms mentioned are responsible for the increase of fracture 
toughness. The conditions essential for these to arise are the 
accurate geometry of the phase used and a proper interface. 
All kinds of discontinuities, such as porosity, voids, or an 
imperfect interface have a considerable influence on fracture 

(1)SiO2 + nSiC + 3C → (n + 1)SiC + 2CO
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toughness, which decreases with the increase of reinforce-
ment phase (Table 1). The presence of such discontinuities is 
presumably connected to the flakes’ tendency to agglomerate 
in the cases where the weight content of MXene structures is 
higher. This phenomenon is presented in Fig. 2.

5 � Conclusion

Based on the obtained results, one can conclude that the 
addition of the 2D Ti3C2 phase significantly increases the 
mechanical properties of silicon carbide. A thorough analy-
sis of the composites produced allowed for the determination 
of the mechanism responsible for this phenomenon. Dur-
ing sintering, thermal decomposition of the MXene phases 
occurs, which results in the formation of disordered gra-
phitic carbon. This is possible due to the combination of sev-
eral factors, such as: novel sintering technology, the applied 
sintering aids, and accurate sintering conditions. The factors 
mentioned lead to the formation of the gas mixture rich in O2 
and H2O in the space between the powder grains and flakes, 
which allows for the creation of defected graphite. The pres-
ence of these structures in the microstructure, in a similar 
way to the case of composites based on a ceramic matrix 
reinforced with graphene materials, leads to a reduction in 
grain growth, which results in an increase in hardness. In 
addition, due to their geometry, they are an effective barrier 
to the propagation of cracks, which translates into a nearly 
50% increase in fracture toughness for only 0.2 wt% addi-
tions of the 2D Ti3C2.
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