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Abstract 

This paper concentrates on the fabrication of Al2O3-MWCNTs composites by spark plasma sintering 

at temperature of 1400°C by varying the percentage of MWCNTs and alumina through colloidal 

route. The effect of incorporating MWCNTs into Al2O3 were examined using physical, mechanical, 

and thermal properties and characterised using techniques like scanning electron microscopy, X-ray 

diffraction and elemental analysis. The characterized composites corresponded towards the phases of 

α-Al2O3 and carbon which were further confirmed through SEM and EDS. Densification behaviour 

of the nanocomposites revealed reduction in relative density with increase in MWCNTs content. 

Mechanical properties like Vickers hardness, fracture toughness and flexural strength of composites 

were analysed along with its thermal and wear behaviour under varying load and sliding distance. 

Composites with MWCNTs incorporation led to enhanced mechanical properties with 1 wt.% 

reinforced Al2O3 demonstrating superior hardness (17.26 ± 0.4 GPa), fracture toughness (KIC = 5.6 ± 

0.3 MPa.m1/2) and flexural strength (515 ± 33 MPa) compared to the monolithic Al2O3. 

Keywords: Alumina; MWCNTs; composites; Spark Plasma Sintering; Fracture toughness; Wear 

Behaviour; Thermal behaviour 

 

 

 

 

*Corresponding Author: Mr. Karthikeyan Ramachandran  

E-mail: K1825123@kingston.ac.uk  

Orcid ID: https://orcid.org/0000-0003-2246-7309  

mailto:K1825123@kingston.ac.uk


Introduction  

The global demand for structural and high temperature materials has enhanced rapidly in various 

applications such as biomedical, aerospace and manufacturing sectors. Ceramics and composites have 

been successful in meeting this demand, providing industry with higher and efficient material. 

However, the functional and structural applications of ceramics have been limited to their brittle 

nature [1]. Alumina (Aluminium Oxide) is one of the extensively used ceramics owing to hardness, 

high temperature strength and good insulating properties. Numerous studies have been conducted by 

researchers to improve the mechanical properties of Alumina based composites, due to their intrinsic 

brittleness [2]. Paul et al. studied the toughening behaviour of Alumina by adding SiC whiskers into 

the reinforcement. The hot-pressed composites with 20 vol% SiC resulted in higher fracture 

toughness of 8.7 MPa.m0.5 [3]. Whereas 3 wt.% SiC/Al2O3 composites fabricated through two-step 

microwave sintering at different temperature revealed different particle grain size and different 

fracture toughness which is superior to Al2O3 composites [4]. Similarly, Li et al. studied the surface 

hardness of zirconia-toughened alumina treated with boehmite sol which resulted in significant 

increase in surface hardness [5]. Various reports suggested that the reinforcement of Alumina 

ceramics could improve the mechanical properties of the material. However, there is evidence 

reduction in desirable properties such as hardness and young’s modulus [6].  

Along with different mechanical properties, thermal and tribological properties such as wear, thermal 

conductivity also plays a crucial role in determining the service life of the component in structural 

applications. The need for wear and thermal properties in structural applications have been studied 

by various researchers for different materials including metals, alloys and various ceramics and its 

composites for many years [7, 8]. The use of ceramics such as SiC and Al2O3 are limited in structural 

applications due to the necessity of high friction tolerance which are affected by brittleness of the 

ceramics. Researchers have tried to reduce the friction by introducing lubrication, reinforcement, and 

coating systems however, the wear on the ceramics still represents a significant challenge [9]. 

However, the micro-sized materials have provided with various contradictions which have made 

various researchers move towards new approach of reinforcing nanomaterials such as carbon 

nanotubes and graphene into the ceramic system [10, 11, 12]. Carbon nanotubes have been a keen 

research due to its remarkable mechanical and thermal properties which make them appropriate 

reinforcement of nanocomposites [13]. Siegel et al. reported that addition of 10 vol.% CNT into 

alumina composites increased the fracture toughness up to 24 % compared to monolithic alumina 

[14]. The use of CNT based ceramic composites are not only limited to structural applications 

whereas some studies have been conducted to determine its usage in thermal and environmental 

barrier applications [15]. Previous reports on reinforcing multi-walled carbon nanotubes (MWCNTs) 



with SiC and YSZ ceramics for thermal barrier coatings and structural applications have resulted in 

increased mechanical and thermal properties of the ceramic composites [16, 17]. In some cases, the 

reinforcement of CNTs with alumina failed in showing any improvement in mechanical properties 

[18].Puchy et al. reported the wear resistance of alumina at higher concentration of CNT (>5%) 

shown reduction in frictional coefficient [19]. According to the reference [20], a decrease in the 

mechanical properties have been reported when the CNT content increases over 10%. Researchers 

have tried out different material processing and fabrication techniques to compensate the mechanical 

and thermal properties of the CNTs reinforced ceramics [21, 22, 23, 24]. However, certain fabrication 

techniques did not yield the desirable densification of the CNT reinforced composites [25]. However, 

our previous studies on the usage of spark plasma sintering based fabrication techniques yielded high 

relative density with uniform distribution of CNTs [16, 17]. 

This shows a constant gap in understanding the mechanical, thermal and wear properties of the 

MWCNTs reinforced Al2O3 due to various contradictions on the results reported by various 

researchers. These contradictions could be due to the fabrication techniques, powder processing 

associated with the ceramic composites. Therefore, this study focuses on analysing the mechanical 

behaviour, thermal and wear behaviour of Al2O3/MWCNTs nanocomposites fabricated via spark 

plasma sintering technique using colloidal route to understand the precise quantity of MWCNTs 

required for improving the properties of the composites for its usage in structural and barrier coating 

applications.   

Materials and Methods 

Powder Preparation & Fabrication  

Table 1. Different composition of the fabricated composites 

Samples MWCNTs (wt.%) Al2O3 (wt.%) 

AC0 0 100 

AC1 1 99 

AC3 3 97 

AC5 5 95 

 

Powder preparation for the Alumina-MWCNTs nanocomposites comprised of commercially 

available Al2O3 nano-powders procured from MK Industries, Canada with average particle size of 

20-30nm and purity over 99% and MWCNTs with purity >97% and outer diameter ranging between 

20-30nm which were synthesised through thermal catalytic chemical co-impregnation technique (TC-



CVD) with Fe/MgO as catalysts [26]. The composite nano-powders were synthesised though 

colloidal route with help of three different physical dispersion techniques such as ultrasonication, ball 

milling and rotary evaporator as illustrated in Figure 1. The MWCNTs were dispersed into an ethanol 

and water medium in a ratio of 3:2 with 0.5 wt.% sodium hexametaphosphate as dispenser agent and 

ultrasonicated (probe-ultrasonicator, Oscar PR600MP) at high frequency of 50 KHz for 20 minutes. 

After sonication using high frequency acoustic waves, nano-powders of alumina are introduced into 

the solution and vigorously stirred using magnetic stirrer to enhance the blending between alumina 

and MWCNTs. The obtained slurry was ball milled at constant speed of 300 rpm for 5 hours and 

further dried using rotary evaporator at temperature of 100°C for 12 hours [16, 17]. The synthesized 

nano-powders with different MWCNTs percentages as represented in Table 1 were fabricated using 

spark plasma sintering at constant temperature of 1400°C with dwelling time of 10 minutes. The 

heating rate of 300°C/min was applied from room temperature to 600°C with a dwell time of 2 

minutes further a heating rate 100°C/min was maintained for the remaining 8 minutes. The cooling 

rate of the composites were kept constant at 70°C/min to avoid cracks. 

Characterisation and Methods  

The fabricated nanocomposites were studied for its phase composition using X-ray diffractometer 

(smart lab-RIGAKU, Japan) with varying 2θ values between 0° to 90° and current of 100mA, 

wavelength of 1.54056Å with step of 0.05°s-1 and operational target voltage of 30KV. Scanning 

electron microscopy (SEM) and elemental analysis was carried out at different spots of the 

composites to ensure homogenous distribution of the MWCNTs throughout the samples by coating 

the samples with Pt/Gd using sputter coatings. 

The composites were studied its theoretical density through rules of mixtures and bulk density 

through Archimedes method with help of water as immersion medium. Relative density was also 

calculated and further detailed discussion on densification behaviour is provided in following section. 

Vickers hardness (ASTM C1327) were evaluated with help of diamond indenter at load of 10N and 

dwell time of 20 seconds. Diagonal lengths of the composites were measured using SEM and 

indentation fracture toughness was evaluated according to previous study using Evans and Charles 

equation [16, 17]. Flexural strength of the composites were measured at room temperature -point 

bending tests with inner span of 20 mm and outer span of 40 mm using samples dimensions 3 mm × 

4 mm × 45 mm. Pin-on-disk method (DUCOM TR-20LE-PHM-400- ASTM G99) was utilised to 

study the wear resistance of the composites under room temperature condition with varying load (10 

& 20N), time (30 & 60 minutes) and sliding distance (100 & 400m) at constant sliding speed of 

0.523m/s. Thermal conductivity and diffusivity of the samples was measured using Netzsch DIL 



LFA-467 dilatometer with sample size of 10×10×4 mm under argon temperature (vacuum 

environment). 

Results and Discussion 
 

Microstructure, Phase & Elemental Analysis  

The X-ray diffraction patterns of the composites along with Al2O3 and synthesized MWCNTs are 

represented in Fig. 2. The XRD pattern of MWCNTs were adopted from previous work on synthesis 

of MWCNTs through TCCVD method [26]. The major peaks of MWCNTs corresponded at 26°, 43° 

and 57° whereas in Al2O3 the major peaks were at 25°, 35°, 37°, 44°, 55° and 68°. The high intensity 

peaks of Alumina and MWCNTs matched the corresponding patterns of the material (MWCNTs- 

JCPDS file no. 26-1079 and alumina JCPDS file no. 42-1468) available at JCPDS software (Rigaku 

Cooperation) and crystalline size of the MWCNTs and alumina was calculated using Scherrer 

equation [26]. MWCNTs had a crystalline size of 1.04 nm with lattice strain of 0.6661 which was 

reported in our previous work [26] and alumina had 46 nm with lattice stain of 3.6 × 10-3. The peaks 

of the Alumina in the XRD corresponded towards the α-alumina even after sintering showing the 

high stability of the alumina powder at high temperature. In the composites AC1-AC5, the major 

peaks corresponded to alumina. However, small intensities of CNT peaks were also found on the 

composites at 2θ values 26°, 32°, 44° and 77° of proving the homogenous distribution of MWCNTs 

through ultra-sonification and ball milling prior to sintering. Even through the intensity of the peaks 

corresponding to CNTs were less, a further elemental analysis was carried out to determine the 

presence of carbon content on the composites. The elemental analysis of the composites is plotted in 

the Fig. 3 where the presence of Al and Oxygen were thoroughly visible along with carbon and 

impurities such as Pt, Gd which were utilised for coating. Through elemental analysis, the presence 

and composition of carbon was found to be a bit higher than the actual percentile values added into 

the compositions. This may be due to the fabrication process taken place in the graphite die which 

could have increased the composition of carbon.  

The SEM images of aluminium oxide and its nanocomposites are shown in Fig. 4(a & d).  The SE 

images are obtained in closer microscopic scale of 10 µm to 20 µm to understand the morphological 

structure of the samples. The morphology of the samples was dependent on the MWCNT content. 

The Fig. 4(a) illustrates the microstructure of alumina ceramic which has coarse grain sizing with 

loosely packed alumina materials. However, incorporation of 1 wt.% MWCNTs in AC1 led to grain 

refinement with reduced flutes on the surfaces of the sample (Fig. 4(b)) which could be a result of 

increased interfacing bonding between CNTs and alumina in the composites. However, on the other 

hand incorporation of 3 % MWCNTs in AC3 composites shown a very fine grain refinement with no 



pores on the surfaces due to higher interfacing bonding and Van der Waals forces of attraction of 

MWCNTs as shown in Fig. 4(c) [17]. But with the drawback of increased MWCNTs addition, the 

AC5 composite again shown a semi-fine morphological surface compared to AC3, this could be due 

to the higher concentration of MWCNTs led to agglomeration which resulted in reduced Van der 

Waals forces of attraction between the MWCNTs and alumina. Further, the agglomeration of 

MWCNTs also reduce the joule heating effect on the composites while sintering using spark plasma 

sintering [16]. The effect of reduced joule heating could affect the microstructure, relative density of 

the composites. Further, in Fig. 4(d) the surface consisted of open and closed pores which could be 

the reason for reduction in relative density. The presence of open and closed pores could be a result 

of sintering temperature as the transition of open pores to closed pores could occur at a temperature 

of 1050°C in alumina composites [27]. Line interpolation technique was utilised to study the grain 

size of the composites though SEM images and revealed that the Alumina without any MWCNTs 

incorporation shown average grain size of ~35nm after sintering. However, MWCNTs reinforced 

ceramics composites shown finer grain size of ~20-30nm in AC5.  

Densification Behaviour  

The Fig. 5 illustrates the theoretical, bulk relative densities of the sintered nanocomposites. The 

densification behaviour of the composites varies under the similar SPS condition from 98 % for AC0 

to 97.2 % for AC1, 95.8 % for AC3 to 93.4 AC5, respectively. Likewise, there is slight variation in 

the theoretically calculated density and bulk densities. This variation in the results from the theoretical 

and bulk density could have been due to the sintering effect of the composites which could have 

affected the density of the constituents. Even so, variation in the density is negligible (~0.15 g/cm3) 

which can be neglected in certain cases. From Figure 1, it is evident that the density dropped to lower 

values with an increase in weight percentage of MWCNTs content in the composites. This may have 

been due to composition of MWCNTs lead to pinning down the grain boundaries of the composites 

resulting in inhabitation of grain growth which restrict densification [28]. Furthermore, higher 

concentrations of MWCNTs in the composite could lead to agglomeration that increases the open 

pores network leading to additional reduction in density [29]. The higher concentration of MWCNTs 

in AC3 and AC5 could have been the reason for the decrease in density of the composites. The 

agglomeration of MWCNTs present inside the composites forms a continuous layer which decrease 

the Joules heating by providing low resistance under sintering conditions [30].  

Hardness & Fracture Toughness 

The Fig. 6 plots the Vickers hardness and fracture toughness of the nanocomposites evaluated by 

measuring the diagonal lengths of the intender measured from SE images. The variation in the Vickers 

hardness was uniform with highest values of hardness was noted for AC1 (17.26 ± 0.4 GPa) and AC3 



(17.11 ± 0.3 GPa). These values were comparatively higher than the AC0 (15.72 ± 0.3 GPa) due to 

the incorporation of MWCNTs which were uniformly distributed onto the matrix through the 

ultrasonication techniques and spark plasma sintering process which increased the Van der Waals 

forces of attraction between the CNTs and alumina. Hah et al. reported that the increase in hardness 

could have been a result of change in morphology and grain size which could have been possible 

even in this case as the variation in morphology was visible in Fig. 4 under SE image [31]. On the 

other side, hardness of the AC5 (14.21 ± 0.4 GPa) reduced by ~20% and ~18.5% compared to AC1 

and AC3. The reduce in the harness in AC5 could be due to the agglomeration of CNTs with 

nanopores which deteriorate the hardness by weaking the interfacing bonding between alumina and 

MWCNTs. These hardness results thus obtained through the experimental method demonstrates that 

the hardness property depends on the MWCNTs reinforcement. Nevertheless, the values reported in 

this report are higher compared to the previous literature reports owing to the homogenous 

distribution of MWCNTs which surfaced due to pro-longed high acoustics ultrasonication process 

and ball milling prior to fabrication [32].  

The fracture toughness (KIC) of the nanocomposites were calculated using the indentation method by 

precisely measuring the diagonal length and crack lengths of the Vickers hardness intender acted on 

the composites using SEM. The fracture toughness of alumina and its composites increased with 

incorporation of MWCNTs with AC0 showing 3.98 ± 0.4 MPa.m1/2 which further enhanced upto 

~33% and ~40% for AC1 (5.6 ± 0.3 MPa.m1/2) and AC3 (5.92 ± 0.3 MPa.m1/2). The AC3 acted as a 

threshold limit for the increase in the fracture toughness, as the toughness dropped by ~8% for AC5 

sample (5.42 ± 0.2 MPa.m1/2) with 2% increase in MWCNTs percentage compared to AC3. However, 

the AC5 maintained higher fracture toughness than the AC0 or the monolithic alumina ceramic. This 

trend was reported by various authors along with our previous reports on SiC and YSZ reinforced 

with varying MWCNTs percentage reported the same [16, 17].  

In case of MWCNTs, reinforced ceramic composites (AC1, AC3 & AC5), the colloidal technique 

undertaken prior to fabrication played a crucial role in improvement of fracture toughness values. The 

ultrasonication of MWCNTs in ethanol solution using high frequency acoustic waves of 50KHz for 

20 minutes led to full dispersion of CNTs into the ethanol solution. Furthermore, magnetic stirring, 

ball milling and rotary evaporation aided homogenous distribution of MWCNTs on the ceramic 

particles.  However, the KIC of the AC5 was reduced compared to AC1 and AC3 due to the presence 

of pores and weaker interfacial bonding between the MWCNTs and alumina. Various works have 

reported the toughening mechanism such as crack deflection, fiber pull-out and crack bridging 

associated with the fiber reinforced composites. In the case of MWCNTs reinforced alumina 

composites, the SE image illustrated in Fig. 7(b) shows the fiber bridging and pull-out mechanism 

acting as key toughening mechanism for enhancing fracture toughness in AC1 and AC3 composites. 



When a fracture load was applied onto the surface of composite, the spiral MWCNTs structure 

untangles and expands leading to the spring behaviour which increases the fracture toughness [17]. 

However, in case of AC5 the amount of MWCNTs present on the surface restrict the untangling of 

MWCNTs which reduce the fracture toughness along with the reduced pinning effect of CNTs which 

reduce the bonding between CNTs and ceramics.  

Flexural Strength 

The bending strength/flexural strength of the alumina and its composites are reported in Fig. 8 where 

a constant decrease was observed in the bending strength with increase in MWNCTs content with 

threshold of 1% MWCNTs. The monolithic alumina ceramic displayed bending strength of 423 ± 40 

MPa whereas the composite with 1wt% MWCNTs showing a drastic increase in the flexural strength 

of 515 ± 33 MPa which is an enhancement of ~20% than the reference alumina. This drastic increase 

of the flexural strength on the AC1 could be due to the higher young’s modulus of CNTs (~1 TPa) 

and higher relative density of AC1. The higher flexural modulus of the CNTs with uniform 

distribution though the ultrasonication process led to the increased density of AC0 and AC1 samples. 

The homogenous distribution of MWCNTs throughout the alumina matrix in AC1 enhanced the 

pinning effect of MWCNTs with the grain boundaries leading to increase in flexural strength. 

However, pinning effect was reduced with higher concentration of MWCNTs as the samples (AC3 

and AC5) with 3 wt.% and 5 wt.% MWCNTs content had flexural strength of 378 ± 30 MPa and 283 

± 35 MPa compared the Al2O3. Similar trend in the flexural strength was observed and reported in 

literatures where the flexural strength dropped from 2.5 vol.% [25, 33]. The deterioration of the 

flexural strength in the AC3 and AC5 composites with increase in MWCNTs content could be due to 

the drastic drop in the relative density caused by excessive MWCNTs agglomeration which resulted 

in reduction of sintering effect creating pores throughout the surfaces. Additionally, the decrease in 

the elastic modulus of CNT-Alumina composites could be also based on the short fiber reinforced 

composites theory and rules of mixtures theory where the reinforcing efficiency of short fibers are 

lower than the longer fibers [25].

Some researchers have disputed the reports obtained though indentation fracture techniques as the 

method involves indirect medium by measuring fracture measurements through cracks propagating 

from the Vickers hardness testing [17, 34]. So, another approach of SEVNB (single edge V-notch 

beam) was utilised with help of flexural strength samples to understand the fracture toughness. 

Through SEVNB method, the fracture toughness depended on MWCNTs content as that of 

indentation fracture toughness. The AC0 samples demonstrated fracture toughness of 3.5 ± 0.4 

MPa.m1/2 which further enhanced to 5.2 ± 0.6 MPa.m1/2 for AC1 and 6.18 ± 0.3 MPa.m1/2 for AC3 

samples which is ~48 % and ~76 % compared to monolithic alumina. This increase could be related 



to the mechanisms such as CNT bridging, crack branching and deflection mechanisms [16, 17]. 

However, in AC5 the fracture toughness reduced to 4.9 ± 0.3 MPa.m1/2 as verified in the other fracture 

toughness method. The agglomeration of high CNTs quantity in AC5 reduced the interfacing bonding 

which decreased the fracture toughness of the samples. The Fig. 9 illustrates the comparison of 

SEVNB and indentation fracture toughness mechanisms. Comparing the indentation and SEVNB 

methods, the mechanisms of MWCNTs reinforced alumina were same as bridging and pull-out as 

key factors. However, there was variation in the fracture toughness values as SEVNB shown ~12% 

reduction in AC0 and ~7% in AC1 composites.  

Wear Behaviour  

The specific wear rates (SWR) of the alumina & its nanocomposites was experimentally evaluated 

using pin-on disc method by varying the parameters such as load, time and sliding distance as shown 

in Table 2 according to ASTM standards. The SWR of the monolithic alumina and its nanocomposites 

shows that the wear rate of the composites was highly dependent of all the parameters (sliding 

distance, time and load) and MWCNTs content of the composites. The results attained from wear 

study are plotted in the Fig. 10(a & b) with respect to the MWCNTs content and time.  

Table 2. Parameters utilised for pin-on disc wear test 

Parameters Values 

Load  10 and 20 N 

Time 30 and 60 minutes 

Sliding Distance 100 & 400 m 

The Fig. 10(a) illustrates the SWR of the alumina and its composites for sliding distance of 100 m 

with varying load and time. Monolithic alumina under the load of 10 N and sliding time of 30 and 60 

minutes expressed higher SWR compared to 1 wt.% MWCNTs reinforced alumina (AC1). However, 

the incorporation of MWCNTs above 1wt.% led to increase in the wear rate of the composites with 

AC5 demonstrating ~11% increase than the AC0 composites. The incorporation of the MWCNTs 

upto the 3wt.% acted as threshold limit with 1% MWCNTs demonstrated higher wear resistance and 

any further addition resulted in decreased wear resistance. The incorporation of MWCNTs into the 

alumina matrix led to decrease in SWR such as AC1 shown a reduction of ~13% compared to AC0 

composites. This decrease in the specific wear rate of the AC1 composites could be due to the 

homogenous distribution of MWCNTs which enhanced the interfacing bonding between alumina and 

CNTs which reduced lower wear material loss. Further, lubrication property of MWCNTs could also 

increase the wear resistance in AC1 and AC3. But in AC5 composites, the higher concentration of 

MWCNTs led to agglomeration which reduced the relative density leading to reduced bonding which 

resulted in decrease wear resistance. With increase in wear load, the SWR of the composites exhibited 



double the wear rate compared to lower load with AC1. These results were contradictory to the report 

by J.W. An et al. as friction coefficient of the composites decreased with increasing MWCNT content 

with a ceiling of 12.5 vol.% [20]. However, the increase in frictional coefficient was reported by 

Hanzel et al. which is supportive to the current study where the frictional coefficient determined to 

attain minimum and maximum values at certain wear experiments [35].  

On the other hand, with increase in sliding distance, SWR increased for same loading conditions with 

~33% increase in SWR of AC0 (4.98 × 10-7 mm3/Nm) compared to AC0 (3.56× 10-7 mm3/Nm) in 

lower sliding distance (100 m). Likewise, nanocomposites AC1, AC3 and AC5 exhibited almost 

constant increase of ~30% compared to the lower sliding distance. The Fig. 11(a, b & c) shows the 

topography of the wear tracks which consisted of non-continuous debriefs with dark and light spots 

on the surfaces. The dark spots had lesser effect of the wear whereas the light spots shown continuous 

damage on the surfaces of the wear with large crack propagation along the path of the wear track. 

The light spots on the surfaces resulted in the higher frictional coefficient whereas the darker spots 

on the surfaces shown reduced wear tracks and debriefs. Comparing wear topographic images the 

cracks formed on the surfaces of AC1 were lesser than the AC0 composites. This may be due to 

higher interfacing bonding and lubricating property of MWCNTs reinforced with alumina. 

Thermal Properties  

Alumina and its nanocomposites were studied for thermal conductivity and expansion at room 

temperature (plotted in Figure 9). The trend of thermal conductivity at room temperature of alumina 

ceramic and its composites reinforced by MWCNTs shows a decrease with increasing MWCNT 

content. Alumina ceramic displayed highest thermal conductivity of 37 W/mK compared to its 

counterparts AC1 (31 W/mK), AC3 (20.74 W/mK) and AC5 (13.26 W/mK) composites sintered 

through same SPS technique under same condition. This reduction in the thermal conductivity could 

be due to incorporation of MWCNTs which enhance the interface thermal resistance between the 

ceramic and CNTs which resist the heat transport through the matrix. Also, the springy or twists 

formed in the MWCNTs while sintering process blocks off the traveling phonons leading to reduced 

thermal conductivity.  Moreover, due to the Van der Waals forces of attraction between the CNTs, 

the CNT powders incorporated into ceramic matrix agglomerate forming bundles and ropes shaped 

nano-structured (Fig. 7(b)) which supress the phonon-phonon scattering. This trend was reported by 

Hazel et al. where the team stated a reduce in the conductivity due to the incorporation of MWCNTs 

into the ceramic matrix [35]. However, Kumari et al. reported an enhancement in the thermal 

conductivity due to the uniform distribution of MWCNTs by growing CNTs onto alumina matrix  

[36]. However, in this study, the SPS fabrication process led to close packing of MWCNTS with 

alumina powder resulting in enhanced grain sizing which reduced the pores. These closed and open 



pores were responsible for releasing the thermal stress acting on the sample leading to the reduced 

conductivity. 

The thermal diffusivity of the monolithic Al2O3 and its composites reinforced with MWCNTs were 

studied using dilatometer under room temperature and plotted in Fig. 9. The diffusivity of the Al2O3 

ceramic was evaluated to be 7.52 mm2/s which enhanced by ~18% for AC1 sample (9.23 ± 0.3 

mm2/s). This increase in thermal diffusivity could be a result of homogenous distribution of CNTs 

which transfer the heat throughout the surfaces. On the other hand, AC3 and AC5 shown reduction 

in the thermal diffusivity values by ~32% and ~35% related to AC1 samples. The values of the AC3 

and AC5 sampled dropped less than the monolithic ceramic reference due to the higher aspect ratio 

of MWCNTs increased the agglomeration on the surfaces of the composites. These agglomerated 

CNTs can led to scattering of heat act on the samples leading to the reduction of thermal diffusivity 

which was in argument with Moohjimoh et al. and Kumari et al. [36, 37]. 

Conclusion 

Alumina/MWCNTs nanocomposites with varying MWCNTs (1, 3 &5 wt.%) were processed through 

colloidal route and sintered with help of spark plasma sintering at 1400°C. Highly dense 

nanocomposites with uniform and homogenous MWCNTs distribution with negligible amount of 

open and closed pores were fabricated. The microstructural and phase characterization revealed the 

high purity of composites with homogenous distribution of CNTs onto the alumina matrix. The 

mechanical, thermal and wear properties of the composites improved significantly compared to the 

monolithic alumina fabricated via same technique. The composite with 1 wt.% MWCNTs (AC1) 

shown significantly promising mechanical properties such as Vickers hardness (17.26 ± 0.4 GPa), 

fracture toughness (5.6 ± 0.3 MPa.m1/2) and flexural strength (515 ± 33 MPa) which were higher than 

the other composites and Al2O3. This increase in the fracture toughness and Vickers hardness could 

have been crack deflection and bridging behaviour of MWCNTs. The specific wear rate of AC1 were 

comparatively lower than others showing its higher wear resistance and reduction in thermal 

conductivity in room temperature was result of incorporation of MWCNTs which led to supressing 

phonon travels in the samples.  
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Figure 1. Schematics of powder processing and spark plasma sintering process for 

Alumina/MWCNTs composites. 

  



 
Figure 2. X-ray diffraction patterns of synthesised MWCNTs and spark plasma sintered 

Alumina and its composites. 

  



 
Figure 3. Elemental composition of composites determined through EDS. 
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Figure 4. SEM Microstructure of (a) Alumina (AC0) (b) AC1 (c) AC3 and (d) AC5. 

  



 

Figure 5. Theoretical, Bulk & Relative Densities of Alumina/MWCNTs nanocomposites. 
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Figure 6. Vickers Hardness and Fracture toughness of nanocomposites plotted as function of 

MWCNT content. 
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Figure 7. (a) Indentation on AC3 surface (b) MWCNTs bridging and pull-out in AC1.  

  



 

 

 

Figure 8. Flexural Strength with respect to MWCNTs content percentage. 
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Figure 9. Comparison of SEVNB and indentation method. 
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Figure 10. Specific wear rate plotted with respect to MWCNT content (a) 100 m and 

 (b) 400 m. 
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Figure 11. Wear debriefs and cracks in (a) AC1 and (b) AC3 and (c) AC3 composites. 

 

 

 

 



 
Figure 12. Thermal conductivity and diffusivity of Alumina and its composites as a function of 

MWCNTs content. 
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