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ABSTRACT

Fully pure nano-a-alumina (Al2O3) was prepared following gel-combustion

method. Near theoretically dense monolithic Al2O3 and its composites rein-

forced with multiwalled carbon nanotubes (MWCNTs) were prepared using

spark plasma sintering (SPS) at 1500 �C under 40 MPa within 10 min. The

shrinkage curves were guided in sequence by the crystallization of the amor-

phous mass followed by a solid-state sintering. The differential nature of elec-

trical conductivity of both composite phases resulted in enhanced densification

through localized joule heating. Formation of * 1-lm-sized equiaxed matrix

grains with uniform distribution of structurally survived CNTs in it was

observed in the sintered composites. Within the investigated loading span, the

highest Vickers hardness (HV) values were obtained only at 0.5 wt% MWCNT

loading in matrix Al2O3. Improvements in HV values for the composites at 0.2

and 2 kgf indentation loads were found to be * 18 and * 12%, respectively, in

comparison with those obtained for pure matrix phase. Quantitative indentation

size effect analyzed through standard mathematical models indicated the role of

matrix grain refinement and proper matrix–filler load sharing in changing the

true hardness. On the contrary, increased CNT concentration leaded to

increased sensitivity toward size effect due to the extreme flexible nature of the

filler. Unlubricated linear scratch experiments revealed * 30–45% lower

specific wear rate (WR) values of the composite specimens compared to SPS-

processed monolithic Al2O3. Microstructure and scar profile observations were

utilized to describe such enhanced wear resistance of present composites.
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Introduction

Owing to the suitable combination of material prop-

erties at a reasonable price, Al2O3 ceramics with purity

in the range of 85–99.999% have been widely utilized

in various sectors satisfying traditional to advanced

needs starting from production of aluminum metal,

catalysts, high-frequency insulators, substrates for

electronic circuits, abrasives, cutting tools, nozzles,

seals, kiln furniture to biomedical implants, ceramic

armors and missile radomes [1–5]. On the contrary,

extensive brittleness and limited toughness sometimes

limit its applicability in high-performance sectors.

Thus, to impart improved toughness and resistance to

catastrophic failure to monolithic Al2O3, research

work on compositing with suitable reinforcing filler in

the form of either particulate or fiber has been going

on globally since long back [6]. In recent years,

researchers are also trying to improve mechanical

performance of structural Al2O3 through CNT incor-

poration due to fascinating mechanical properties of

the nanotubes as reinforcing phase [7–12]. However,

challenges still exist in fabricating effective CNT/

Al2O3 composites which can offer properties better

than pure Al2O3 and researchers are meticulously

trying to overcome such issues to fabricate efficient

CNT/Al2O3 composites suitable for high-performance

applications. As far as property evaluation is con-

cerned, tribological performance evaluation of CNT/

Al2O3 composites is still limited and, thus, needsmuch

attention prior to real-life application [10, 13–15]. In

this work, an attempt was made to fabricate

MWCNT/Al2O3 composites under spark plasma

processing using in-house gel-combustion-synthe-

sized fully pure nano-sized a-Al2O3 powder as the

source for matrix phase and 0.25 and 0.5 wt% com-

mercial MWCNT as reinforcement. Sintering behav-

iors of both monolith and composites were studied in

detail. The specimens were characterized in terms of

Vickers hardness (HV) within 0.2 and 2 kgf indentation

load and unlubricated wear performance under nor-

mal loads (FN) of 10 and 20 N to assess the effect of

CNT incorporation in Al2O3 matrix. Indentation size

effect (ISE) analyses of HV data were performed using

three well-established mathematical models. Wear

behavior of the specimens was discussed in terms of

coefficient of friction (COF, l) and specific wear rate

(WR) values and with the help of formed microstruc-

ture and scar profile features.

Materials and methods

Combustion synthesis of nano-a-Al2O3

Commercially available chemical reagents, like alu-

minum (M?) nitrate nonahydrate [Merck, India], urea

(U) [Merck, India], formaldehyde solution (F) [37%

(w/v),Merck, India], ammonia solution [of 25% grade,

Merck, India], were used for the synthesis of a-alu-
mina. In the first step, urea and formaldehyde solution

were mixed and the mixture was left for 24 h for

proper digestion to make methylol urea. In the next

step, aluminum nitrate salt and additional urea were

added to methylol urea to prepare a stoichiometric

(M?/U/F = 1:2:4) mixture. The mixture transformed

into gel within fewminutes. The gel was dried in oven

at 120 �C. After complete drying, the gel was ignited

with the help of an externally burningmatch stick. The

self-propagating reactions from different steps of

cracking of the resin keep progressing spontaneously;

those ultimately produce soft fluffy powder at the end

of the burning process [16]. The as-synthesized pow-

der was white to occasionally light brownish. The

brownish color was because of some small fraction of

unburnt remnant polymer in the product. The powder

was heat-treated at 1100 �C for 30 min under flowing

dry air to produce partly crystallized variety of pure a-
Al2O3. Morphologies of the heat-treated powder were

viewed through a field emission scanning electron

microscope (FESEM, Supra-35, VP-Carl Zeiss, Ger-

many) and transmission electron microscope (TEM,

Tecnai G2 30ST, FEI Company, Netherlands).

SPS processing of combustion-synthesized
nano-a-Al2O3 and MWCNT/a-Al2O3

composites

The combustion-synthesized pure nano-a-Al2O3

(particle size: as described in later ‘‘Morphological

characteristics of synthesized alumina’’ section) and

commercial MWCNT (purity * 95 wt%, outer

diameter 30–50 nm, length 10–20 lm, SRL Pvt. Ltd.,

India) were mixed thoroughly using probe sonication

in isopropyl alcohol for 1 h. The mixed slurry was

then dried at * 75 �C. Two powder mixtures having

0.25 and 0.5 wt% MWCNT loading (nomenclatured

as A 0.25 and A 0.5, respectively, in tables and fig-

ures) were prepared using the above procedure. The

pure a-Al2O3 (referred to as A in tables and figures)

and the composite powder mixtures were then
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consolidated at 1500 �C with 10 min of dwell time

under 40 MPa in a Spark Plasma Sintering furnace

(SPS, FCT Systeme GmbH, Germany) using heating

and cooling rates of 25 and 10 �C/min, respectively.

A gaseous atmosphere of argon was used during

sintering. The sintering was performed using pulsed

DC (Ton = 10 ms; Toff = 2 ms). To check the structural

stability of MWCNT after SPS processing, the as-re-

ceived MWCNT was also compacted using the same

sintering schedule. Morphologies of both as-received

and heat-treated CNTs were viewed under FESEM.

Characterizations of the sintered specimens

Bulk density (BD) values of the specimens were

measured using Archimedes water immersion tech-

nique. The sintered specimens were ground and

polished using a diamond grinding–polishing

machine (Tegramin 30, Struers, Denmark) with

40–0.25-lm diamond grits in sequential steps. Surface

roughness values (Ra) of the polished samples were

measured using a non-contact-type surface pro-

filometer (Contour GT, M/s Bruker, USA). A micro-

Vickers hardness tester (402 MVD, M/s Wolpert

Wilson, Germany) was used to evaluate hardness

values of the specimens at five indentation loads

from 0.2 to 2 kgf with 10 s dwell. 10–15 indents were

made on each of the specimens at each of the test

loads for averaging purpose. Unlubricated room

temperature linear scratch tests were conducted in

TR-101 Tribometer (DUCOM, India) using a diamond

Vickers indenter under two normal loads, i.e., 10 and

20 N keeping scratching length (L) and speed con-

stant at 3 mm and 0.1 mm/s, respectively. COF and

WR values were calculated using standard expres-

sions [10]. Scar profiles were viewed through the

surface profilometer and a desktop scanning electron

microscope (SEM; proX, Phenom World BV, The

Netherlands) for dimensional and morphological

analyses of the worn tracks, respectively.

Results and discussion

Morphological characteristics of synthesized
alumina

Figure 1a–d shows various features of the gel-com-

bustion-synthesized a-Al2O3 powder. The FESEM

image (Fig. 1a) indicates the presence of clustered

nano-sized a-Al2O3 grains containing individual

grains of 30–70 nm. Figure 1b confirms the charac-

teristic presence of aluminum (Al) and oxygen (O) in

the synthesized grains and absolute absence of any

other impurity elements. The carbon (C) peak in the

EDX pattern appeared from the carbonaceous con-

ductive coating used during FESEM study (Fig. 1b).

Figure 1c, d shows the bright-field and dark-field

TEM micrographs of the synthesized alumina pow-

der which further endorsed the observation made

during FESEM studies. The dark-field image (Fig. 1d)

further illustrates the specific size range of the crys-

tals through the presence of strongly illuminating

nano-crystals of different shapes surrounded by rel-

atively less brightened agglomerates which are

mostly non-crystalline and non-Bragg diffracting.

Sintering of studied formulations

Figure 2a shows the morphology of as-received CNT

with outer diameter of the nanotubes in the range of

(59.06 ± 9.97) nm. It may be easily visualized from

Fig. 2b that the nanotubes after SPS processing at

1500 �C under 40 MPa for 10 min suitably retained

their morphology without any noticeable structural

modification. Figure 3a, b shows the curves obtained

during SPS processing of as-received MWCNT, pure

a-Al2O3 and 0.25 and 0.5 wt% MWCNT/Al2O3

composites, respectively, to realize the nature of

compaction and/or densification followed by the

constituents and the composite. It is relevant to

mention at this stage that the data acquisition soft-

ware attached to the SPS furnace used in the present

study recorded the SPS cycle parameters under

pyrometer temperature sensing condition, i.e., 400 �C
onward. Thus, under thermocouple temperature

sensing (i.e., room temperature to 400 �C) the SPS

cycle data were not recorded.

It may be easily understood from the figures that

pure MWCNT underwent the least shrinkage (i.e.,

negligible densification) during the SPS cycle

(Fig. 3b). For as-received CNT during the entire SPS

process, both average piston speed and shrinkage

remained almost constant at much lower values than

those traced by the other specimens (Fig. 3a, b).

This was obvious because during SPS processing at

1500 �C under 40 MPa applied pressure, CNT being a

sp2-hybridized allotrope of carbon did not consoli-

date due to their extreme chemical inertness but

only got compacted under the action of heat and
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pressure. Furthermore, unlike CVD-grown individ-

ual MWCNT, when CNTs started to form bulk

structures, e.g., bundles, sheets or layers, thermal

diffusivity as well as conductivity values of the

bulk structure decrease drastically. This happens

primarily due to extensive phonon scattering through

coupling between the nanotubes, structural defects

like dangling bonds, tube ends and misalignment of

CNTs in the bulk structure leading to as high as

twelve times drop in the thermal diffusivity and

Figure 1 a FESEM image of heat-treated a-Al2O3 powder, b EDX pattern, c, d bright-field and corresponding dark-field images,

respectively. Pointed arrows indicate existence of nano-grains within clustered regions.

Figure 2 FESEM images of a as-received and b heat-treated MWCNT.
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conductivity values compared to individual CNT

[17]. Therefore, in the present study also, owing to the

extremely flexible nature of CNT, compaction

achieved under 40 MPa during the initial stage of SPS

cycle, i.e., within 25 �C (start of the heating cycle) to

400 �C (temperature at which pyrometer started to

measure the temperature replacing the thermocou-

ple) significantly lowered the thermal diffusivity and

conductivity values of the CNT bulk structure at later

stage of the SPS cycle and, eventually, restricted

further consolidation (i.e., shrinkage) to take place.

However, structural purification of carbon nanotubes

can take place at high temperature and/or under

high pressure as reported by other researchers

[18–21]. Due to this, the displacement curve as well as

the shrinkage rate curve for MWCNT started

from * 1 mm and * 0 mm/min, respectively and

remained almost constant when the software started

to record the SPS process parameters under pyrom-

eter temperature sensing, i.e., from 400 �C onward

(Fig. 3a, b). This indicated that the presence of * 5

wt% impurity (primarily metal catalyst particles or

amorphous carbon) in as-received CNT did not form

adequate liquid phase for further consolidation of the

CNT compact. Nevertheless, after the consolidation

process, the compacted CNT was obtained as a solid

disk specimen and not in powdered form. The

FESEM image shown in Fig. 2b was taken after

crushing the SPS-processed compacted MWCNT in a

mortar pestle followed by ultrasonic dispersion of a

small amount from the crushed specimen in iso-

propyl alcohol. On the contrary, pure alumina and

the composites underwent appreciable shrinkage, i.e.,

much enhanced densification (Fig. 3b) at

comparatively much higher rate as illustrated in the

piston speed versus temperature plot (Fig. 3a). The

general features of the shrinkage curves are two

distinct steps: the first one ending at temperatures on

an average around 1000–1050 �C which is followed

by the final rise through a plateau of around

250–300 �C in between the heating period. The rate

curves accordingly produced two maxima, the first

one in the range of 930–1020 �C and the second one

ranging between 1340 and 1390 �C. To pursue the

reasoning of the first maxima, a differential thermal

analysis of the as-synthesized alumina was per-

formed at an applied heating rate of 10 K min-1

(Fig. 4). An exothermic peak was obtained at 844 �C.
X-ray diffraction results of heat treatment under dif-

ferent dwell times (figures not presented) proved that

this temperature corresponded to the crystallization

temperature of the amorphous variety. The observed

first maximum in the sintering curve is therefore the

consequence of crystallization of the amorphous

portion of starting alumina. The drift in the maxima

values from that of the DTA perhaps resulted from

the combined effect of higher heating rate (i.e., 25 �C/
min) and pressure used during the SPS process. The

second maxima in the sintering curves, however,

represent the highest rates of the compaction (i.e.,

densification) behavior of the individual composi-

tions under study. Most interestingly, the onset

temperatures of densification were found to be

almost the same for pure alumina and the composites

(Fig. 3a) though the composites offered higher

shrinkage values than that obtained for the latter

(Fig. 3b).

Figure 3 a Shrinkage versus pyrometer temperature plot and b rate of shrinkage versus pyrometer temperature plot for pure alumina, 0.25

and 0.5 wt% CNT containing composites and pure CNT during SPS processing at 1500 �C.
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It is a well-known fact that CNT being one of the

most chemically inert substances hinders grain

boundary mass transport during sintering of CNT/

Al2O3 composites [8, 22]. On the other hand, owing to

exceptionally high electrical conductivity of CNT, its

presence in the composite can also establish effective

electrical conduction paths in otherwise highly insu-

lating alumina matrix which in turn can render

enhanced localized heating of the matrix grains,

essentially, in the case of SPS processing where the

consolidating powder can transmit electric current

depending on its resistivity and resulted in better

densification (i.e., higher shrinkage) [23–25]. The

crystallization and densification processes are reflec-

ted in the trends shown in Fig. 3b. For 0.25 wt%

MWCNT/Al2O3 composite, both the processes star-

ted at higher temperatures compared to pure alu-

mina, while on the other hand, the opposite behaviors

were shown by the 0.5 wt% MWCNT/Al2O3 com-

posite. These happened because at lower CNT con-

centration, limited or no additional electrical

conduction paths (electrical percolation) were estab-

lished in insulating alumina matrix and presence of

uniformly dispersed CNTs only restricted densifica-

tion. However, as the temperature raised to the higher

side, owing to the very high thermal conductivity

(600 ± 100 W/m–K for individual MWCNT) [17], the

presence of 0.25 wt% dispersed CNTs rendered

improved localized heating of the matrix grains

leading to higher densification compared to pure

alumina or 0.5 wt% MWCNT/Al2O3 composite

(Fig. 3b). On the contrary, at 0.5 wt% CNT loading,

formation of additional electrical conduction paths

through the insulating matrix combined with

enhanced localized heating of the consolidating

matrix facilitated faster onset of crystallization and

densification compared to pure alumina and

0.25 wt% MWCNT/Al2O3 composite. Nevertheless,

at 0.5 wt% CNT loading, the presence of exactly

twofold higher concentration of nanotubes in alumina

matrix might also hinder the densification process

much severely compared to that happened for the

0.25 wt% MWCNT/Al2O3 composite. Therefore, both

positive and negative effects of CNT incorporation in

alumina matrix could have acted simultaneously

during the SPS cycle and the trends obtained in the

shrinkage curves (Fig. 3b) were the overall outcomes

of those mutually contrasting processes, especially for

the composites. Such reasoning is further reinstated

because of the fact that shrinkage of the compact is

increased with increasing CNT concentration in the

composites (Fig. 3b). BD values of SPS-processed pure

Al2O3 (* 3.90 g/cc), 0.25 wt% (* 3.87 g/cc) and

0.5 wt% MWCNT/Al2O3 composites (* 3.85 g/cc)

were found to be almost close to each other. This

indicated the specimens were almost 98% dense

considering the theoretical densities of Al2O3 and

MWCNT as 3.97 and 1.8 g/cc, respectively [26–28].

Evidently, the present SPS schedule effectively could

consolidate the MWCNT-reinforced combustion-syn-

thesized nano-a-Al2O3 composite powder mixtures

having density data equivalent or better than those

achieved by others [7, 8, 11, 28].

Microstructure observation revealed formation of

equiaxed grains in the sintered specimens (Fig. 5a–c).

Owing to the characteristic nature of SPS technique, all

the specimens showed controlled grain growth to

produce a fine grain size distribution. While grain size

of pureAl2O3was found to be 1.55 ± 0.51 lm(Fig. 5a),

addition of CNT resulted in further grain refinement

and eventually, matrix grain sizes of 0.25 and 0.5 wt%

MWCNT/Al2O3 composites were found to be

1.24 ± 0.20 and 1.01 ± 0.19 lm, respectively, with

higher population of smaller sized grains (Fig. 5b, c).

Beside this, Fig. 5b, c further shows bridging of multi-

ple alumina grains by uniformly distributed and

structurally survived CNTs in the composites.

Vickers hardness and ISE of the sintered
specimens

The HV values as a function of indentation load (P) of

the sintered specimens are shown in Fig. 6a.

Although HV values of the sintered pure Al2O3

Figure 4 DTA of as-synthesized powder.
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ranged from 20 to 19 GPa within the investigated

loading range, composite containing 0.5 wt%

MWCNT offered much higher HV values from 24 to

21 GPa (Fig. 6a). Hardness values obtained for pure

Al2O3 in this study were found to be on the higher

side of available literature data. Additionally,

enhancement in hardness (10–20%) values through

MWCNT incorporation as obtained in the present

study is also on the higher side when compared to

the earlier literature [7–9, 11, 29]. Since hardness of

polycrystalline material increases with decrease in

the grain size of test material [9], higher HV of present

SPS-processed pure Al2O3 was principally obtained

due to the starting nano-dimension of combustion-

synthesized a-Al2O3 powder along with fast consol-

idation using SPS processing that restricted uncon-

trolled grain growth to produce a finer

microstructure as shown in Fig. 5a. Reduction in HV

through MWCNT incorporation in Al2O3 matrices is

a common issue, though [7, 9, 11, 29–35] improve-

ment in HV data of CNT/Al2O3 composites up to a

certain concentration of CNT on the other hand has

also been reported by a few researchers [8, 9, 36, 37].

The reasons behind obtaining reduced HV through

nanotube incorporation are, in general, the extreme

flexible nature of CNT that facilitates higher perma-

nent deformation of the surrounding matrix material,

as well as a higher concentration induces inhomo-

geneous distribution of nanotubes in the matrix

phase those act as defects of similar size [7, 11, 38].

On the contrary, improvement in HV can be obtained

firstly through uniform dispersion of CNT in the

parent matrix by keeping the nano-filler concentra-

tion at a lower level to ensure proper densification of

the composite, secondly by matrix–filler load sharing

through proper interface region and thirdly by

Figure 5 SEM images of SPS-processed a pure Al2O3; MWCNT/Al2O3 composite of b 0.25 wt%, c 0.5 wt%. Pointed arrows indicate

well-distributed CNTs in the alumina matrix.
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imparting the well-known grain refining effect of

CNT in Al2O3 to further reduce the matrix grain size

[8, 36, 37]. Clearly, enhancement in HV data of present

MWCNT/Al2O3 composites may be ascribed to be

achieved by the above factors. It may be further noted

from Fig. 6a that all the specimens exhibited a

decreasing HV with increasing test load that indicates

a normal indentation size effect. Thus, the experi-

mental HV data of all the specimens were analyzed

with the help of three mathematical models namely

Meyer’s law, proportional specimen resistance (PSR)

model and modified PSR (MPSR) model to quanti-

tatively describe ISE of present samples [39, 40]. The

plots according to Meyer’s law, PSR and MPSR

models of the studied specimens are shown in

Fig. 6b–d, and the results obtained are given in

Table 1. It may be understood from the Meyer’s

exponent value that pure Al2O3 and 0.25 wt%

MWCNT/Al2O3 composite possessed almost similar

sensitivity toward ISE with an exponent value close

to 2 [40]; however, the sensitivity toward normal ISE

of the 0.5 wt% MWCNT/Al2O3 composite was the

highest (Table 1). Analogous to the Meyer’s exponent

result, the highest value of the ‘a1’ term of A0.5

specimen as obtained from PSR model also indicated

Figure 6 a Micro-Vickers hardness versus indentation load plot,

b log(P) versus log(d) plot according to Meyer’s law, c (P/d)

versus d plot according to PSR model and d P versus d plot

according to MPSR model of the studied specimens. ‘P’ and ‘d’ in

the plots indicate indentation load and Vickers diagonal length,

respectively.

Table 1 ISE analysis results of the SPS-processed specimens

Meyer’s law results A A 0.25 A 0.5

Meyer’s exponent (n) 1.927 1.947 1.874

R2 0.999 0.999 0.999

PSR model results

a1 (N/mm) 17.25 11.86 32.21

a2 (N/mm2) 9586.79 10339.14 10362.05

R2 0.999 0.999 0.999

HT-PSR (GPa) 17.77 19.17 19.22

MPSR model results

P0 (N) 0.09 - 0.09 0.22

a1 (N/mm) 8.80 19.90 12.27

a2 (N/mm2) 9740.41 10196.67 10737.66

HT-MPSR (GPa) 18.06 18.91 19.91

R2 0.999 0.999 0.999

‘a1’ and ‘a2’ are related to the proportional resistance and true

hardness (HT) of the test material, respectively. P0 indicates

machining-induced surface residual stress
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the highest contribution to ISE (Table 1). On the

contrary, the same specimen also exhibited the

highest true hardness (a2) within the investigated

loading region. While the highest magnitude of HT

was obtained primarily due to adequate matrix

densification, proper matrix–filler load sharing and

formation of finer grains at 0.5 wt% CNT loading

(Table 1), increasing indentation load resulted in

enhanced probability of interaction with higher con-

centration of extremely flexible CNT in the matrix

phase leading to a quick decline in HV data.

Figure 6c shows the plots according to MPSR

model and the results indicated formation of either

negative (compressive) or positive (tensile) surface

residual stress (P0) in the studied specimens

(Table 1). Since the magnitude of the residual stress

was found to be low enough (\ 0.3), its effect on

hardness value may be treated as negligible. Present

results on quantitative analyses of ISE matched well

with the available literature data on ISE for mono-

lithic as well as CNT-reinforced alumina ceramics

prepared by different techniques [40].

Unlubricated wear characteristics
of the sintered specimens

Surface roughness (Ra) values of the polished sam-

ples were measured as\ 0.14 lm. The COF versus

distance plots for the studied specimens are shown in

Fig. 7a–c. Irrespective of the specimen composition

and test load, magnitude of the COF value ranged

between 0.37 and 0.42 that matched well with results

obtained by others [13–15].

Although it was reported that addition of 0.3 wt%

graphene nano-platelet and 1 wt% MWCNT resulted

in * 12% reduction in COF of a hybrid Al2O3

composite due to higher toughness and easy de-

bundling of CNT in the presence of the nano-platelets

[10], in present study, reinforcement of Al2O3 with up

to 0.5 wt% CNT did not help much in reducing the

COF of the composites by imparting its self-lubrica-

tion property. However, considering the nature of the

COF curves, it may be stated that the indenter tip–

specimen interaction was reasonably regular that

resulted in almost unaltered steady state COF values

throughout the scratching process (Fig. 7a–c). Fig-

ure 7d shows the WR values of the studied specimens

as a function of test load. CNT-reinforced composites

offered much improved wear resistance against the

diamond indenter than that obtained for SPS-pro-

cessed pure Al2O3 (Fig. 7d). Evidently, grain bound-

ary strengthening (20–35% reduction in matrix grain

size was obtained for the composites through addi-

tion of carbon nanotubes), and improved hardness

and effective bridging of matrix grains through

structurally survived CNTs (Fig. 5b, c) that rendered

suitable toughening effect were the key factors

behind obtaining such improved wear resistance of

the composites. Depending on test loads, while the

0.25 wt% MWCNT/Al2O3 specimen offered *
34–42% lower WR values compared to monolithic

Al2O3(
10N WR & 1.8 9 10-3 mm3/N-m; 20N WR &

2.8 9 10-3 mm3/N-m), composite containing

0.5 wt% CNT offered more than 45% lower WR val-

ues than that obtained for pure Al2O3 (Fig. 7d). Scar

profile observation using SEM revealed large

uncovered areas of mixed mode (i.e., transgranular–

intergranular) fracture in the wear track of pure

Al2O3 (Fig. 8a, b). On the contrary, formation of tri-

bofilm of increasing thickness with increased CNT

loading was noticed in the wear tracks of composite

specimens (Fig. 8c–f). The tribofilm possibly formed

Figure 7 a–c COF values as a function of scratching distance and d specific wear rate versus normal load plot of the studied specimens.
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out of crushing of the pulled out matrix grains and

nanotubes under the test load. Formation of such

adhered tribofilm of increasing thickness with

increasing CNT loading restricted further material

removal during the scratching event for the com-

posite specimens [10].

Figure 8 Wear track profiles of a, b pure Al2O3 showing large

unwrapped regions of mixed mode fracture, c, d 0.25 wt%

MWCNT/Al2O3 composite, e, f 0.5 wt% MWCNT/Al2O3

composite, showing gradually reduced area of unwrapped frac-

tured surface and formation of thicker tribofilm under FN = 20 N.
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Conclusions

Using gel-combustion processing, 30–70 nm sized

fully pure a-Al2O3 powder was synthesized. This

laboratory-made powder and its composites with

different concentration of commercial MWCNT were

sintered under SPS processing at 1500 �C to near

theoretical density values within only 10 min. Sin-

tering is influenced sequentially by the crystallization

of the amorphous alumina followed by the diffusion

process. The sintering curves indicate the positive

effect of CNT incorporation that provides localized

conducting paths in otherwise electrically non-con-

ducting alumina toward achieving better densifica-

tion compared to the monolithic. The composites

containing up to 0.5 wt% nanotubes showed forma-

tion of fine microstructure comprising of * 1-lm-

sized equiaxed grains and uniformly distributed

structurally survived CNTs in the matrix phase. The

maximum HV values at 0.2 and 2 kgf indentation

loads obtained for 0.5 wt% MWCNT/Al2O3 com-

posite were * 18 and * 12% higher, respectively,

than those measured for pure Al2O3(HV0.2 & 20 GPa;

HV2 & 18.6 GPa). ISE analyses revealed that the

magnitude of true hardness of 0.5 wt% CNT/Al2O3

composite (HT-PSR & 19.2 GPa; HT-MPSR & 20 GPa)

was the highest among the studied specimens.

Additionally, the highest sensitivity toward size

effect was also observed for the same composite due

to enhanced interaction with extremely flexible CNTs

at higher loads. Beside adequate densification,

improved hardness, proper bridging of multiple

matrix grains by well-dispersed nanotubes to ensure

the expected toughening mechanisms to take place,

formation of an adhered tribofilm within the wear

track of the composites at the initial stage of

scratching event offered nearly 30–45% lower specific

wear rate values compared to SPS-processed mono-

lithic alumina.
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