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ACCVD grown CNTs were used for the fabrication of nanocomposites via powder metallurgy technique. Varied wt. % of 
CNTs (0.5, 1, 1.5 and 2) was used in nanocomposites development. Effects of varied CNTs wt. % on the physical, 
microstructural and phase behaviors of nanocomposites were the main investigating objectives of this study. Relatively 
density of Stellite-6/CNTs nanocomposites varied with the increase of CNTs wt. %. As for as the microstructural aspects of 
nanocomposites are concerned, detailed optical and SEM analyses were performed. Through optical microstructure 
analyses, a region named as Stellite-6/CNTs composites was prominent for the nanocomposites materials as compared to 
plain material.  SEM analyses confirmed the denser microstructures of nanocomposites with the increase of CNTs wt. %. 
CNTs sustained and no any unwanted phases were detected for Stellite-6/CNTs nanocomposite material after high 
temperature sintering process.  
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1. Introduction 
 

Since the discovery of carbon nanotubes in 1991 [1], 

carbon nanotubes (CNTs) have attracted attention to create 

new materials and devices for a variety of applications due 

to their remarkable physical, mechanical, chemical and 

electronic properties [2-4]. Addition of carbon nanotubes 

to matrix material as a reinforcement has led to the 

development of advanced nanocomposites materials with 

superior mechanical properties as compared to the 

conventional composite materials [5-6]. There are three 

well-known techniques described to synthesize carbon 

nanotubes [7-9]; e.g. electric arc, laser ablation and 

chemical vapor deposition. Among these techniques, CVD 

is considered better because of its simplicity in operation, 

high yield of CNTs, low operational cost and low 

temperature reaction [10-12]. 

The chemical vapor deposition process provides an 

opportunity to use carbon precursor in liquid, solid or 

gaseous form for the growth of carbon nanotubes [13]. 

Previous work [14] reported synthesis of high quality 

SWCNTs using liquid precursor (methanol and ethanol) 

over Fe-Co catalysts supported on zeolite. Another study 

was also successful in the synthesis of high quality 

SWCNTs by alcoholic decomposition over catalyst 

powder using CVD method [15]. Synthesis of CNTs over 

conducting glass, nickel plates and porous alumina 

substrates is accomplished using Fe and Co acetates as 

catalyst by ethanol decomposition [16]. Further 

investigation in the synthesis of high quality MWCNTs 

over pre-deposited Fe-catalyst thin film was carried out by 

ethanol decomposition [17]. The results of carbon 

nanotubes synthesized by ethanol decomposition showed 

better quality owing to OH
- 
radicals that are beneficial for 

the removal of amorphous carbon and other impurities [14, 

18]. Fe, Co and Ni based nano-catalyst particles are 

beneficial in the growth of CNTs. As Stellite-6 is a Co 

based alloy and it was used for CNTs growth for various 

ACCVD reaction times. Detail described in our other 

study [19].  

Stellite-6 alloy possesses good mechanical and 

oxidation resistances [20-21] which are important for wear 

and high temperature applications in both cases (bulk and 

coating materials). Possible applications of Stellite-

6/CNTs nanocomposites may be for the development of 

hard alloy nano composite/coatings materials. 

It was found that no systematic study has been 

conducted on the fabrication of Stellite-6/CNTs 

nanocomposites via powder metallurgy technique. CNTs 

used as reinforcing agents as described before were grown 

via ACCVD method at FMSE/GIKI laboratories. There 

were three main objectives of this study: as to investigate 

the effects of varied wt. % of grown CNTs on the physical, 

microstructural and phase behaviors of Stellite-6/CNTs 

nanocomposites. 
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2. Experimental details 
 
For the fabrication of Stellite-6/CNTs 

nanocomposites, different wt. % of grown CNTs e.g. 0.5, 

1, 1.5 and 2 were added as reinforcing agents in Stellite-6 

matrix material. Nanocomposites were fabricated via 

powder metallurgy technique. Green compacts of Stellite-

6/CNTs nanocomposites were sintered at 1250 ˚C for 

three hours and then were cooled to room temperature at 

cooling rate of 15
 ˚C/min. Theses sintered plain and 

nanocomposites materials were further carried to study the 

impact of varied wt. % of CNTs on physical,  

macro/micro-structural and phase behaviors of Stellite-

6/CNTs nanocomposites. Relative densities of fabricated 

materials were measured by taking ratios between 

experimentally and theoretical measured densities. For the 

study of microstructures, some optical (Olympus B061 

microscope, Japan) and SEM (JEOL, JED-2300 Analysis 

station, Japan) analyses were performed. Phase analyses 

for fabricated nanocomposites were performed by using 

STO-German X-Ray diffraction equipment. All the 

samples before and after sintering process were scanned 

between 20 to 80 2θ° with a step size of 0.04/sec at 25°C.  

 

 
3. Results and discussion 
 

Experimental densities of green plain Stellite-6 and 

other nanocomposites compacts were calculated by 

general approach (d=m/v) and theoretical densities of 

these materials were measured by eq. (2). Relative 

densities % of all these green compacts (before sintering 

process) were calculated by eq. (1). Relative density of 

plain Stellite-6 alloy has been minimum as shown in Fig. 

1(a) because of its green form. Addition of increased 

weight % CNTs from 0.5 to 2 in the matrix of Stellite-6 

alloy has increased the relative densities of 

nanocomposites as shown in Fig. 1 (a) but up to a critical 

wt. % of CNTs. After that those relative densities values 

have deteriorated. 

 

Relative density % =
green density

theoretical density
× 100       (1) 

d composites = dm × Vm + df × Vf                     (2) 

After sintering cycle, the experimental densities of plain 

and Stellite-6/CNTs nanocomposites were measured by 

Archimedes principle and the theoretical densities were 

calculated by eq. (2). Relative densities % of sintered 

materials were calculated by using eq. (3). There are 

number of reasons which have increased the relative 

densities % of sintered Stellite-6/CNTs nanocomposites 

compacts (0.5, 1, 1.5 and 2 wt. %) as compared to green 

compacts (Fig. 1a); e.g. sintering process which caused 

densification. Densification process resulted in porosity 

reduction. Furthermore, densification of nanocomposites 

was also improved due to increased wt. % of CNTs (Fig. 

4). As higher wt. fraction of reinforcing particulates filled 

open pores more effectively.  

Relative density % =
sintered density

theoretical density
× 100        (3) 

We have observed the gradual reduction in the relative 

densities % for both green and sintered (Fig. 1a & b) 

fabricated Stellite-6/CNT nanocomposites after a critical 

1.5 wt. % of CNTs. Added CNTs are always located on 

grain boundaries [22]. CNTs located at grain boundaries 

were beneficial up to a critical wt. % to make 

nanocomposites denser. After that these have reduced the 

relative densities. Possible reasons for the reduction in the 

relative density % for higher 2 wt. % of CNTs are lower 

grains packing factor due to agglomeration phenomena of 

ACCVD grown CNTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Variation of relative densities (a) before and  

(b) after sintering process with varied CNTs wt. % 

 

 

Some macro level analyses were performed before 

and after high temperature sintering process for Stellite-6/ 

1 wt. % CNTs nanocomposites and the results are 

demonstrated in Fig. 2 (a) and (b) respectively. In 

comparison, it is very clear that there were differences in 

compacts diameter dimensions before and after sintering 

process. A noticeable percentage changes in diameter of 

the sintered samples are reported here. Diameter 

percentage expansion was approximately 2.941%. This 

demonstrated that sintering process caused densification 

and has resulted in porosity reduction of the sintered 

compact. Similar observations were also presented by G. 

Goudah et al. [23] in their studies. Grain growth has 

resulted in increased compact diameter [24-25]. Besides 

this, we did not notice any macro level defect like holes, 
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porosity and cracks for sintered Stellite-6/ 1 wt. % CNTs 

nanocomposites compact (Fig. 2b).     

 

 
 

Fig. 2. Macro analyses for Stellite-6/ 1 wt. % CNTs  

compacts (a) before and (b) after sintering process 

 
Optical results are shown in Fig. 3 with varied CNTs 

wt. % (0.5, 1, 1.5 and 2) for fabricated Stellite-6/CNTs 

nanocomposites. As shown in Fig. 3 (a) that very weekly 

bonded stellite-6 matrix grains are prominent (very openly 

voids can be seen clearly between grains). These results 

may be due to conventional pressure-less sintering. This 

result may different for some advance sintering techniques 

e.g. 

 

 

Fig. 3. Optical microscopy images: (a) Plain Stellite-6, 

(b) Stellite-6/ 0.5 wt. % CNTs, (c) Stellite-6/ 1 wt. % 

CNTs, (d) Stellite-6/ 1.5 wt. %  CNTs and (e) Stellite-6/ 2  

                     wt. % CNTs nanocomposites 

 

 

Spark Plasma Sintering (SPS). Furthermore, these 

results also coincide with lower relative density % values 

of plain sintered compact (Fig. 1b). But with the increase 

of CNTs wt. % (Fig. 3b-e), matrix grains have bonded 

strongly and these appeared more uniform as well. As it is 

also demonstrated in these images, that voids have reduced 

in their sizes with the increase of CNTs wt. % (denser 

images). There are many valid reasons to argue for these 

results e.g. the presence of CNTs between matrix grains 

and the sintering process. CNTs filled open voids between 

grains and sintering process [24-25] which always 

promote grains growth. These both gap filling factors 

helped in the improvement of nanocomposites densities. 

CNTs reside on the grain boundaries. This was confirmed 

by very prominent regions named Stellite-6/CNTs 

nanocomposites (Fig. 3c-d).  

Stellite-6 alloy exhibits a hypoeutectic microstructure 

with the primary FCC Co rich dendrites. Co dendrites are 

surrounded by Cr rich M7C3 eutectic carbides. For detailed 

microstructure of fabricated nanocomposites, SEM 

analyses were performed and the results are displayed in 

Fig. 4. In Fig. 4 (a), some very irregular bonded matrix 

grains are visible. Besides their poor bonding integrity, 

very large holes are also prominent. These present lower 

and inferior densification results. More importantly, no 

Stellite-6 phases are visible and prominent. With the 

addition of CNTs, Stellite-6 phases (Fig. 4b) start to 

manage themselves in some regular appearance. With 

further addition of increased wt. % of CNTs, Stellite-6 

phases start to become very prominent in their appearances 

(Fig. 4c-e). These phases concede with literature [26-27] 

reported Stellite-6 phases. Pores in their sizes and volumes 

have reduced with the addition of higher wt. % of CNTs. 

This was confirmed by the presence of very small and 

minor sized voids (Fig. 4c-e).  Reduction in sizes of pores 

and sever sintering conditions have helped matrix phases 

to be denser and systematic in their appearances. 

 

 
Fig. 4. Scanning Electron Microscopy (SEM) images: (a) 

Plain Stellite-6, (b) Stellite-6/ 0.5 wt. % CNTs, (c) 

Stellite-6/ 1  wt. %  CNTs, (d)  Stellite-6/ 1.5 wt. % CNTs  

        and (e) Stellite-6/ 2 wt. % CNTs nanocomposites 

(a) (b)
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Phase analyses were also performed for plain sintered 
Stellite-6 and Stellite-6/CNTs nanocomposites materials 
and the results are shown in Fig. 5. Phase analyses show 
the presence of added CNTs phase. The CNTs peaks 
appear at 2-theta position of 25, 41, 43 and 73. It was 
concluded that both MWCNTs and SWCNTs have 
sustained high temperature sintering reaction conditions 
and there was reported no any deteriorated phase. CNTs 
peaks became prominent and wider with the increase of 
CNTs wt. % from 0.5 to 2.  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Phase studies after sintering process for (a) Plain 

Stellite-6, (b) Stellite-6/ 0.5 wt. %  CNTs and (c) Stellite- 

                 6/ 2 wt. % CNTs nanocomposites   

 

 

Other common phases among plain sintered Stellite-6 
and Stellite-6/CNTs nanocomposites are Cr2O3 and F.C.C 
solid solution of Co [26-27]. Cr2O3 appeared at 2-theta 
positions of 26.5. While, F.C.C solid solution of cobalt 
appeared at-2 theta positions of 43.5, 52, 55 and 75.5. 

 
4. Conclusions 
 
Stellite-6/CNTs nanocomposites were successfully 

fabricated via powder metallurgy technique. There were 
different parameters of these nanocomposites under 
consideration e.g. relative densities %, macro/micro 
structural and phase changes behaviors after sintering 
process. Sintering cycle has improved the densities of 
nanocomposites but added CNTs were effective up to a 
critical 1.5 wt. % and after that densities value have 
degraded in both cases (green and sintered). The 
expansion in diameter of sintered nanocomposites compact 
was around 2.941 %. There were some interesting micro-
structural aspects of nanocomposites with increase of 
CNTs wt. %. Through optical analyses, stellite-6/CNTs 
composites regions were prominent. Voids/pores also 
reduced in their sizes with the increase of CNTs wt. %. 
SEM analyses showed that matrix phases start to become 
prominent with the increase of CNTs wt. %. Matrix phases 
like Co and W/Cr carbides were clear in their appearance 
for maximum wt. % of CNTs. CNTs sustained high 
temperature sintering conditions and no any deteriorated 
phases were reported.    
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