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Journal of Science & Technology

About the Journal
Overview
Pertanika Journal of Science & Technology (JST) is the official journal of Universiti Putra Malaysia 
published by UPM Press. It is an open-access online scientific journal which is free of charge. It publishes 
the scientific outputs. It neither accepts nor commissions third party content.

Recognized internationally as the leading peer-reviewed interdisciplinary journal devoted to the 
publication of original papers, it serves as a forum for practical approaches to improving quality in issues 
pertaining to science and engineering and its related fields.  

JST is a quarterly (January, April, July and October) periodical that considers for publication original 
articles as per its scope. The journal publishes in English and it is open to authors around the world 
regardless of the nationality.  

The Journal is available world-wide.

Aims and scope
Pertanika Journal of Science and Technology aims to provide a forum for high quality research related 
to science and engineering research. Areas relevant to the scope of the journal include: bioinformatics, 
bioscience, biotechnology and bio-molecular sciences, chemistry, computer science, ecology, 
engineering, engineering design, environmental control and management, mathematics and statistics, 
medicine and health sciences, nanotechnology, physics, safety and emergency management, and 
related fields of study.

History
Pertanika was founded in 1978. A decision was made in 1992 to streamline Pertanika into three journals 
as Journal of Tropical Agricultural Science, Journal of Science & Technology, and Journal of Social 
Sciences & Humanities to meet the need for specialised journals in areas of study aligned with the 
interdisciplinary strengths of the university. 

After almost 25 years, as an interdisciplinary Journal of Science & Technology, the revamped journal 
now focuses on research in science and engineering and its related fields.

Goal of Pertanika
Our goal is to bring the highest quality research to the widest possible audience.

Quality 
We aim for excellence, sustained by a responsible and professional approach to journal publishing.  
Submissions are guaranteed to receive a decision within 14 weeks. The elapsed time from submission 
to publication for the articles averages 5-6 months. 

Abstracting and indexing of Pertanika
Pertanika is almost 40 years old; this accumulated knowledge has resulted in Pertanika JST being 
abstracted and indexed in SCOPUS (Elsevier), Thomson (ISI) Web of Knowledge [BIOSIS & CAB Abstracts], 
EBSCO & EBSCOhost, DOAJ, ERA, Cabell’s Directories, Google Scholar, MyAIS, ISC & Rubriq (Journal 
Guide).
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Future vision
We are continuously improving access to our journal archives, content, and research services.  We have 
the drive to realise exciting new horizons that will benefit not only the academic community, but society 
itself. 

Citing journal articles
The abbreviation for Pertanika Journal of Science & Technology is Pertanika J. Sci. Technol.

Publication policy
Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration 
by two or more publications.  It prohibits as well publication of any manuscript that has already been 
published either in whole or substantial part elsewhere. It also does not permit publication of manuscript 
that has been published in full in Proceedings. 

Code of Ethics
The Pertanika Journals and Universiti Putra Malaysia takes seriously the responsibility of all of its 
journal publications to reflect the highest in publication ethics. Thus all journals and journal editors are 
expected to abide by the Journal’s codes of ethics. Refer to Pertanika’s Code of Ethics for full details, or 
visit the Journal’s web link at http://www.pertanika.upm.edu.my/code_of_ethics.php

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media–print 
and electronic. All Pertanika journals have ISSN as well as an e-ISSN. 

Journal of Science & Technology: ISSN 0128-7680 (Print);  ISSN 2231-8526 (Online).

Lag time 
A decision on acceptance or rejection of a manuscript is reached in 3 to 4 months (average 14 weeks). 
The elapsed time from submission to publication for the articles averages 5-6 months. 

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time of 
initial submission without the consent of the Journal’s Chief Executive Editor.

Manuscript preparation
Refer to Pertanika’s Instructions to Authors at the back of this journal.

Most scientific papers are prepared according to a format called IMRAD. The term represents the first 
letters of the words Introduction, Materials and Methods, Results, And, Discussion. IMRAD is simply 
a more ‘defined’ version of the “IBC” [Introduction, Body, Conclusion] format used for all academic 
writing. IMRAD indicates a pattern or format rather than a complete list of headings or components of 
research papers; the missing parts of a paper are: Title, Authors, Keywords, Abstract, Conclusions, and 
References. Additionally, some papers include Acknowledgments and Appendices. 

The Introduction explains the scope and objective of the study in the light of current knowledge on the 
subject; the Materials and Methods describes how the study was conducted; the Results section reports 
what was found in the study; and the Discussion section explains meaning and significance of the results 
and provides suggestions for future directions of research. The manuscript must be prepared according 
to the Journal’s Instructions to Authors.

Editorial process
Authors are notified with an acknowledgement containing a Manuscript ID on receipt of a manuscript, 
and upon the editorial decision regarding publication. 
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Pertanika follows a double-blind peer-review process. Manuscripts deemed suitable for publication 
are usually sent to reviewers.  Authors are encouraged to suggest names of at least three potential 
reviewers at the time of submission of their manuscript to Pertanika, but the editors will make the final 
choice. The editors are not, however, bound by these suggestions. 

Notification of the editorial decision is usually provided within ten to fourteen weeks from the receipt 
of manuscript.  Publication of solicited manuscripts is not guaranteed.  In most cases, manuscripts are 
accepted conditionally, pending an author’s revision of the material.

As articles are double-blind reviewed, material that might identify authorship of the paper should be 
placed only on page 2 as described in the first-4 page format in Pertanika’s Instructions to Authors 
given at the back of this journal. 

The Journal’s peer-review
In the peer-review process, three referees independently evaluate the scientific quality of the submitted 
manuscripts. 

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and 
weaknesses of written research, with the aim of improving the reporting of research and identifying the 
most appropriate and highest quality material for the journal.

Operating and review process
What happens to a manuscript once it is submitted to Pertanika?  Typically, there are seven steps to the 
editorial review process:

1.	 The Journal’s chief executive editor and the editorial board examine the paper to determine 
whether it is appropriate for the journal and should be reviewed.  If not appropriate, the 
manuscript is rejected outright and the author is informed. 

2.	 The chief executive editor sends the article-identifying information having been removed, to 
three reviewers.  Typically, one of these is from the Journal’s editorial board.  Others are 
specialists in the subject matter represented by the article.  The chief executive editor asks 
them to complete the review in three weeks.  

Comments to authors are about the appropriateness and adequacy of the theoretical or 
conceptual framework, literature review, method, results and discussion, and conclusions.  
Reviewers often include suggestions for strengthening of the manuscript.  Comments to the 
editor are in the nature of the significance of the work and its potential contribution to the 
literature.

3.	 The chief executive editor, in consultation with the editor-in-chief, examines the reviews and 
decides whether to reject the manuscript, invite the author(s) to revise and resubmit the 
manuscript, or seek additional reviews.  Final acceptance or rejection rests with the Edito-
in-Chief, who reserves the right to refuse any material for publication.  In rare instances, 
the manuscript is accepted with almost no revision.  Almost without exception, reviewers’ 
comments (to the author) are forwarded to the author.  If a revision is indicated, the editor 
provides guidelines for attending to the reviewers’ suggestions and perhaps additional advice 
about revising the manuscript. 

4.	 The authors decide whether and how to address the reviewers’ comments and criticisms and 
the editor’s concerns.  The authors return a revised version of the paper to the chief executive 
editor along with specific information describing how they have answered’ the concerns 
of the reviewers and the editor, usually in a tabular form. The author(s) may also submit 
a rebuttal if there is a need especially when the author disagrees with certain comments 
provided by reviewer(s).
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5.	 The chief executive editor sends the revised paper out for re-review.  Typically, at least one of 
the original reviewers will be asked to examine the article. 

6.	 When the reviewers have completed their work, the chief executive editor in consultation 
with the editorial board and the editor-in-chief examine their comments and decide whether 
the paper is ready to be published, needs another round of revisions, or should be rejected. 

7.	 If the decision is to accept, an acceptance letter is sent to all the author(s), the paper is sent to 
the Press. The article should appear in print in approximately three months. 

The Publisher ensures that the paper adheres to the correct style (in-text citations, the 
reference list, and tables are typical areas of concern, clarity, and grammar).  The authors are 
asked to respond to any minor queries by the Publisher.  Following these corrections, page 
proofs are mailed to the corresponding authors for their final approval.  At this point, only 
essential changes are accepted.  Finally, the article appears in the pages of the Journal and is 
posted on-line. 
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Foreword

Welcome to the Second Issue 2017 of the Journal of Science and Technology (JST)!

JST is an open-access journal of science and technology published by Universiti Putra 
Malaysia Press. It is independently owned and managed by the university and run on a 
non-profit basis for the benefit of the world-wide science community. 

In this issue there are a total of 22 articles. From the 2nd International Conference on 
Statistics in Science, Business and Engineering (ICSSBE 2015) ten papers have been 
selected. Included too is a review article and 11 of our usual specialised contributions.

Hayder Baqer Abdullah, Irmawati Ramli, Ismayadi Ismail and Nor Azah Yusof in their 
review article discuss hydrocarbon sources for carbon nanotubes production by chemical 
vapour deposition. 

The first regular article in this issue is an investigation on the high temperature erosion 
behaviour of plasma sprayed CoCrAlY/AL2O3/YSZ on Fe and Ni based alloys by Nithin H. S., 
Vijay Desai and M. R. Ramesh. This is followed by papers on:  the use of infiltration wells 
to reduce the impactof land use changes on flood peaks: an Indonesian catchment case 
study by Kusumastuti, D. I., Jokowinarno, D., Khotimah, S. N. and Dewi, C.;  a  hybridised 
intelligent technique for the diagnosis of medical diseases by Abdu Masanawa Sagir and 
Saratha Sathasivam; the ability of ipomoea aquatica forssk to remediate phenol in water 
and effects of phenol on the plant’s growth by Siew-Yi Lee, Siti Aqlima Ahmad, Siti Roslina 
Mustapha and Janna Ong-Abdullah; robust artificial bee colony in the hopfield network 
for 2-satisfiability problem by Mohd. Shareduwan Mohd. Kasihmuddin, Mohd. Asyraf 
Mansor and Saratha Sathasivam; estimating lung cancer deaths in Thailand based on 
verbal autopsy study in 2005 by Nattakit Pipatjaturon, Phattrawan Tongkumchum, and 
Attachai Ueranantasan; rainfall trends in the Niger-south basin, Nigeria, 1948-2008 by 
Oloruntade, A. J., Mohammad, T. A. and Aimrun, W.; numerical analysis of the effect of 
nozzle geometry on flow parameters in abrasive water jet machines by Deepak, D., Jodel, 
A. Q., Cornelio, Midhun Abraham, M. and Shiva Prasad, U.; an approach for identification 
of copy-move image forgery based on projection profiling by  Mohd Dilshad Ansari, Satya 
Prakash Ghrera and Mohd Wajid; novel impedance measurement technique for soluble 
solid content determination of banana by Ibrahim, N. U. A., Abd Aziz, S. and Nawi, N. 
M.; phase transition and dielectric properties of 0.9Pb(Fe1/2Nb1/2)O3−0.1PbTiO3  modified 
with nano ZnO by Hassakorn Wattanasarn, Wattana Photankham, Peerapat Pattumma 
and Rattikorn Yimnirun.

I conclude this issue with 10 papers from the ICSSBE 2015 international conference. They 
are : some new bivariate regression models by Faroughi, P. and Ismail, N; identifying the 
uncertain model parameter of a steam turbine system by Wan Munirah, W. M, Tahir, A. 
and Azmirul, A.; decision making procedure based on jaccard similarity measure with 
z-numbers by Mohamad, D. and Ibrahim, S. Z.; sample size and non-normality effects on 
goodness of fit measures in structural equation models by Ainur, A. K., Sayang, M. D., 
Jannoo, Z. and Yap, B. W.; a method for performing short time series prediction by Pooi, 
A. H.; a goal programming model for portfolio optimisation problem in fuzzy environment 
by Mazura, M., Adibah, S. and Daud, M.; performance of variance targeting estimator 



(vte) under misspecified error distribution assumption by Abdul Rahim, M. A., Zahari, S. 
M. and Shariff, S. S. R); review of context-based similarity measure for categorical data 
by Nurul Adzlyana, M. S., Rosma, M. D. and Nurazzah, A. R.; accessing stock market 
volatility for different sectors in Malaysia by Shakila, S., Noryati, A. and Maheran, M. J.;  
a railway rescheduling model with priority setting by Shuib, A. and Alwadood, Z..

I believe readers will find the evidence presented in this issue to be intriguing, thought-
provoking, and, useful for further research. Please recommend the journal to your 
colleagues and students to make this endeavour meaningful.

I would like to take this opportunity to express my gratitude and thanks to all the 
contributors, reviewer, editors, and editorial assistance of the journal division staff. 

JST is currently accepting manuscripts for upcoming issues based on original qualitative 
or quantitative research that opens new areas of inquiry and investigation.
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ABSTRACT

The synthesis of carbon nanotubes (CNTs) using a chemical vapour deposition (CVD) method requires 
the use of hydrocarbon as the carbon precursor. Among the commonly used hydrocarbons are methane 
and acetylene, which are both light gas-phase substances. Besides that, other carbon-rich sources, such 
as carbon monoxide and coal, have also been reportedly used. Nowadays, researches have also been 
conducted into utilising heavier hydrocarbons and petrochemical products for the production of CNTs, 
such as kerosene and diesel oil. Therefore, this article reviews the different kind of hydrocarbon sources 
for CNTs production using a CVD method. The method is used for it allows the decomposition of the 
carbon-rich source with the aid of a catalyst at a temperature in the range 600-1200°C. This synthesis 
technique gives an advantage as a high yield and high-quality CNTs can be produced at a relatively low 
cost process. As compared to other processes for CNTs production such as arc discharge and laser ablation, 
they may produce high quality CNTs but has a disadvantage for use as large scale synthesis routes.

Keywords: Hydrocarbon source, carbon nanotube, catalyst, chemical vapour deposition

INTRODUCTION

Carbon nanotubes (CNTs) have received 
much attention since their discovery by 
Iijima in 1991 (Iijima, 1991). CNTs display 
unique mechanical, electrical, optical and 
chemical characteristics (Eatemadi et al., 
2014; Kotsilkova et al., 2015). These particles 
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are used for clean energy applications, such as a solar cell (Wang et al., 2015), hydrogen 
storage (Su et al., 2016) and supercapacitor (Lva et al., 2012). CNTs are also applied in micro 
and nano electromechanical system (Fedorovskaya et al., 2016) and high-performance low-
detecting limit sensor (Cheraghi & Taher, 2016). These nanoparticles can be categorised into 
single-walled CNTs (SWCNTs), with a typical diameter in the range 0.6-3 nm, and multi-
walled CNTs (MWCNTs) with a diameter in the range of 10-50 nm. SWCNTs have a rolled 
of graphene sheet to form a cylinder, whereas MWCNTs consist of multiple cylindrical rolled 
graphene sheets (Camilli et al., 2011) (Figure 1). CNTs are generally synthesised through arc 
discharge, laser ablation, and chemical vapour deposition (CVD). Both arc discharge and laser 
ablation are practical for synthesising SWCNTs (Ka et al., 2012; Maria & Mieno, 2015). The 
technique involves the use of graphite (Liew et al., 2014), and recently, coal has also been used 
as a source material that was vapourised and later deposited as CNTs (Moothi et al., 2012). 
High quality CNTs are produced but the high energy consumption in generating the discharge 
for the former and laser processing for the later contributed to high costs of equipment and 
energy. On the other hand, CVD is considered to be the most convenient method to grow all 
varieties of CNTs. Moreover, CVD is the best choice for large-scale production of CNTs at 
a relatively low cost under mild growth conditions (Szabó et al., 2010). The utilisation of 
hydrocarbon sources for the production of high-value chemicals and materials such as CNTs 
has an obvious impact on sustainable development. As a result, several research groups have 
explored the use of hydrocarbons as a carbon source for CNT synthesis.

Figure 1. TEM images showing the multi-wall nature of CNTs (Camilli et al., 2011)

SYNTHESIS OF CARBON NANOTUBES BY CHEMICAL VAPOUR 
DEPOSITION METHOD

CVD is the most commonly used technique to grow all varieties of CNTs. First, a catalyst and 
a carbon precursor easily react in CVD because this technique only requires an oven designed 
with a tubular reactor such as a quartz tube and a few gas flow controllers (Nerushev et al., 
2001; Hashempour et al., 2014). Second, numerous parameters can be investigated, not only 
during catalyst treatment but also during CNTs growth, which influences the quality, purity 
and yield of the CNTs (Cantoro et al., 2006; Inami et al., 2007; Bansal et al., 2010).
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Temperature is the vital parameter for CNTs synthesis by CVD. Hydrocarbons are 
decomposing into reactive radical objects in the temperature range of 600–1200°C during 
CVD. These reactive species diffuse to a catalyst surface where they remain bonded, forming 
CNTs. The commonly used energy source is resistive heating (Lee et al., 2001; Gohier et al., 
2008; Chiangga et al., 2009).

Two processing system patterns, namely horizontal and vertical, are generally used to 
synthesise CNTs using CVD. A typical horizontal system has been demonstrated because of its 
versatility. Floating and fixed-bed catalyst is used in the horizontal system (Figure 2). Floating 
catalysts are mainly applied when a mixture of reactants and catalyst are in the gas phase in the 
reactor at an elevated temperature during CVD. The catalyst in the gas phase is transformed 
by the redox gases and/or the elevated temperature, forming solid-phase nanoparticles where 
the CVD reaction occurs. This method overcomes the obstacle that prevents the coalescence of 
nanoparticles and reactants. The solid catalyst nanoparticles can have adequate residence time 
for CNTs to grow when they hold on to the reactor surfaces. In other words, any unreacted gas 
precursor and solid catalyst nanoparticles, which cannot react and hold on the reactor surfaces 
at adequately elevated temperatures, are swept away from the reactor with the carrier gases 
and unused reactants. Therefore, this phenomenon reduces the process efficiency (; Zhou et 
al., 2003; Chena et al., 2006; Maghrebi et al., 2009).

(a)

(b)
Figure 2. Horizontal CVD: (a) Floating technique; (b) Fixed bed technique (Maghrebi et al., 2009; 
Nessim, 2010).
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By contrast, the catalyst in the fixed bed process is in the solid phase. The catalyst is set in 
boats and placed inside the reactor. Then, the gas-phase reactant and a carrier are introduced 
at an elevated temperature where they react during the CVD. The efficiency and productivity 
of CNTs growth in this system are limited by the heterogeneous contact between the gaseous 
state and solid reactant as well as the rise in the gradient temperature of the reactor (Koziol 
et al., 2011). Increasing nanotubes on the catalyst surface leads to a reduction in the diffusion 
of carbon precursor to the catalyst nanoparticles, thereby reducing the effectiveness of the 
catalysts (Nessim, 2010; Izadi et al., 2011).

CATALYST USED IN THE CHEMICAL VAPOUR DEPOSITION METHOD

Catalysts play an essential role in the synthesis of CNTs during CVD. The quality and yield 
of CNTs are improved by enhancing the suitable characteristics of the desired catalyst. 
Transition metals, such as iron (Fe) (Emmeneggera et al., 2003), cobalt (Co) (Chen et al., 
2006), nickel (Ni) (Jehng et al., 2007) and their alloys (Flahaut et al., 2005; Niu & Fang, 
2006; Policicchio et al., 2007; Lobiak et al., 2015), are the most effective catalysts for CNT 
synthesis. These catalysts can grow CNTs in three steps according to the vapour–liquid–
solid mechanism. First, a gas precursor produces carbon, which absorbs and dissociates on  
the surface of the catalyst particles to form elementary carbon atoms. Second, the carbon 
atoms dissolve in the mass of nanoparticles to form liquid metastable carbide and diffuse 
within the particles. Finally, solid carbons precipitate at the backside of the nanoparticles 
to form CNTs.

Two reverse processes cause CNTs growth. The first process is the well-known 
“root growth model,” which occurs when the catalyst is strongly bound to the substrate, 
resulting in a closed carbon network. This characteristic then gives rise to the metal in the 
form of a seamless graphite cylinder. A second process, which is also known as the “tip 
growth model,” occurs because of the weak contact between the catalyst and the substrate, 
and CNTs precipitation pushes the metal particles up from the substance. Therefore, 
diffusion occurs under the metal particle, and the CNTs continues to elongate (Figure 3) 
(Kukovitsky et al., 2000; Zhao et al., 2006; Kumar, 2011; Bathgate et al., 2012; Purohit 
et al., 2014). Solid organometallocenes, such as nickelocene, cobaltocene and ferrocene 
(Malek Abbaslou et al., 2010; Zhang et al., 2011; Zhu et al., 2014), are extensively used as 
catalysts because they deliver solid metal nanoparticles, which affect the decomposition of 
the hydrocarbons. Experimentally, catalyst particle size affects the diameter of the CNTs. 
Figure 3(c) summarises the effects of the diameter of the catalyst on the structure of the 
utilised nanocarbon. Catalyst nanoparticles with 1 nm diameter mainly produce SWCNTs, 
whereas MWCNTs are produced from catalyst nanoparticles with diameters in the range of 
10–50 nm. The number of MWCNT layers increases with catalyst diameter. Additionally, 
another nanocarbon structure, i.e. the nano-onion, is produced when the diameter of the 
catalyst nanoparticles exceeds 50 nm (Gore & Sane, 2011).
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Figure 3. Mechanisms for carbon nanotube growth; (a) Base growth; (b) Tip growth; and (c) Structural 
dependence on catalyst particle size (Gore & Sane, 2011).

Hydrocarbon decomposition on the catalyst surface, that liberates and prevents aerial 
decomposition, is the key to obtaining pure CNTs. Furthermore, alloys have been proven to 
gain higher catalytic activity compared with pure metals (Lobiak et al., 2015). Iron (Fe), cobalt 
(Co), and nickel (Ni) nanoparticles are effective catalysts for CNTs synthesis. Other metals, 
such as copper (Cu), gold (Au), palladium (Pd), and platinum (Pt), have also been discovered 
to be catalysts for CNT growth from a variety of hydrocarbons (Lee et al., 2000; Seung-Yup 
et al., 2005; Takenaka et al., 2009; Yang et al., 2012; Asokan et al., 2015).

HYDROCARBON DECOMPOSITION AND THERMODYNAMICS

Thermodynamics are useful in elucidating the reaction during CVD. The reaction needed to 
create solid CNTs is thermodynamically useful under the selected temperature and pressure 
conditions. Gibbs free energy (ΔG) is a key to extract this information. ΔG depends on the 
reactivity of the hydrocarbon during pyrolysis. Methane decomposition is thermodynamically 
preferable above 600 °C because it is the most stable hydrocarbon molecule. By contrast, ΔG 
for ethylene, acetylene, or benzene is already negative at 200°C (Figure 4). CNTs are frequently 
synthesised by CVD using methane as a precursor at a temperature above 850°C because of 
the slow reaction rate. Meanwhile, CVD synthesis of CNTs using acetylene is often performed 
at 500°C - 750°C, and 650°C - 850°C for ethylene (See & Harris, 2007; MacKenzie et al., 
2010; Tessonnier & Su, 2011).
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Figure 4. Thermodynamic data calculated using ChemKin database. Gibbs free energies of formation of 
various carbon precursors. The energies are normalised to the number of carbon atoms in the precursor 
and correspond to its pyrolysis (Tessonnier & Su, 2011).

HYDROCARBON PRECURSORS FOR SYNTHESIS CARBON NANOTUBES 

The most common hydrocarbon sources used in CNTs production by CVD are derived from 
either petrochemical products (Matar & Hatch, 2001), such as methane, ethane, acetylene, and 
cyclohexane, or petroleum products (Jones, 2006) such as natural gas, kerosene and diesel 
oil (Table 1).

Table 1 
Hydrocarbon sources for the production of CNTs by CVD method

Petrochemical Products
Hydrocarbon 
Source Catalyst CVD type Temperature (°C) Carrier 

gas CNT type Ref.

Methane Co-Mo-MgO CVD 1500-1750 N2, H2 SWCNT Izadi et al. (2011)
Methane Co-Mo/MgO CCVD 800 N2 MWCNT Hata et al. (2004)

Ethane
Acetylene

Fe/Al2O3 CVD 750 H2 MWCNT Maghsoodi et al. (2010)
Fe/ SiO2 CVD 690 N2, H2 MWCNT Allaedini et al. (2015)

Acetylene Co-Mo/MgO CVD 800 H2
SWCNT, 
MWCNT

Zhan et al. (2011)

Hexane Ferrocene
Two stage 

CVD
140, 900 N2, H2 MWCNT Tran et al. (2007)

Cyclohexane Ferrocene ACVD 800 N2, H2 MWCNT Kishore et al. (2012)
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Table 1 (continue)

Petrochemical Products
Hydrocarbon 
Source Catalyst CVD type Temperature (°C) Carrier 

gas CNT type Ref.

Benzene Ferrocene
Spray 

Pyrolysis
900 Ar MWCNT Escobar (2007)

Toluene Ferrocene CVD 850 Ar MWCNT Altalhi et al. (2010)

Xylene Ferrocene
Floating 
catalyst

750 Ar, H2 MWCNT Kunadian et al. (2009)

Petroleum Products
Hydrocarbon 
Source Catalyst CVD type Temperature (°C) Carrier 

gas CNT type Ref.

Natural Gas Fe-Mo/MgO CCVD 950- 1000 Ar, H2 CNT Tapaszto et al. (2005)

Propane Fe/ SiO2 CCVD 600- 1100 Ar, H2
SWCNT, 
MWCNT

Bachmatiuk et al. (2008)

Liquefied 
petroleum gas

Ferrocene
Two stage 

CVD
800 Ar, H2 MWCNT Huang et al. (2008)

Kerosene Fe, Ni
Two stage 

CVD
200, 1000 N2 CNT Altalhi et al. (2010)

Diesel oil      -
Modified 

CVD
950     - SWCNT Kunadian et al. (2009)

Coal gas Ferrocene
Two stage 

CVD
200, 950     - SWCNT Qiu et al. (2004)

Heavy oil 
residue

Fe, Co, Ni, 
Au, Pt

CVD 900 Ar, H2 SWCNT Li et al. (2012)

Asphalt Ferrocene CVD 1000 Ar, H2 CNT Liu et al. (2007)

The carbon precursor plays an important role in the growth, characteristics and properties 
of CNTs because of their binding energy, type and the role of reactive groups, as well as 
thermodynamic properties. CNTs growth efficiency using gaseous carbon precursors depends 
strongly on the concentration and reactivity of gas-phase intermediates produced simultaneously 
with reactive radical species as a result of hydrocarbon pyrolysis. Therefore, the most capable 
intermediates with ability of physisorption or chemisorption on the catalyst surface to initiate 
CNTs growth must be produced in the gas phase (Mizuno et al., 2005; Prasek et al., 2011). A 
comparison of CNTs characteristics showed a relationship between the chemical structures 
of hydrocarbons and CNTs formation ( Lee et al., 2003; Li et al., 2004). Hernadi et al. (2000) 
affirmed that unsaturated hydrocarbons have much higher yield and deposition rate than 
saturated gases. Additionally, saturated hydrocarbon gases produce highly graphitised filaments 
with fewer walls compared with unsaturated gases. Consequently, saturated hydrocarbons are 
favoured for SWCNTs growth, whereas unsaturated hydrocarbons are favoured for MWCNTs 
(Hernadi et al., 2000). Nevertheless, SWCNTs have been obtained from a highly diluted 
unsaturated hydrocarbon (Q. Li et al., 2004; Yun et al., 2006; Zheng et al., 2006; Escobar et 
al., 2007). The growth of clean SWCNTs was observed at relatively low temperatures using 
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alcohols with various catalysts. Thus, alcohols are much better carbon sources for SWCNTs 
than hydrocarbons. This phenomenon is probably due to the ability of OH radicals to etch away 
amorphous carbon deposits (Li et al., 2007; Zhu et al., 2012; Ren et al., 2014).

Most studies have shown that low-temperature CVD at approximately 600°C - 800°C 
produces MWCNTs, whereas high reaction temperatures of 800°C - 1200°C favour SWCNTs. 
The results indicate that SWCNTs have the higher energy of formation, caused by their small 
diameter, and high curvature, which tolerate the high strain energy. Therefore, SWCNTs grow 
from only selected carbon source, such as carbon monoxide, and methane, which has an equitable 
stability at high temperature. By contrast, common effective precursors for MWCNTs such as 
acetylene, benzene, and xylene are unstable at high temperatures, resulting in a large deposit of 
amorphous carbon (Niu & Fang, 2006; Loebick et al., 2009; Bahgat et al., 2011; Gallego et al., 
2011; Monthioux, 2011; Atchudan & Pandurangan, 2012; Abdullahi et al., 2014).

Hata et al. (2004) synthesised highly efficient and pure SWCNTs by water-assisted ethylene 
on the substrate using CVD. The controllable rate of steam into the CVD reactor functioned 
as a mild oxidizer, leading to the selective removal of amorphous carbon without adversely 
affecting the growth of CNTs (Hata et al., 2004). Controlling the relative rate of ethylene and 
steam was essential to minimize the poison of the catalyst. These studies ascertain that carbon 
precursors play an important part in CNTs growth. Accurate selection of carbon precursor 
and water vapour rate can optimise the growth and lifetime of CNTs, thereby increasing the 
quality and yield of these nanoparticles (Zhong et al., 2009; Saengmee-anupharb et al., 2011).

Hydrocarbons, such as methane (Maghsoodi et al., 2010; Allaedini et al., 2015), ethylene 
(Tran et al., 2007; Zhan et al., 2011), acetylene (Hayashi et al., 2011; Kishore & Pandurangan, 
2012), benzene (Narkiewicz et al., 2010; Liu et al., 2011), cyclohexane (Chena et al., 2006; 
Bachmatiuk et al., 2008), toluene (Altalhi et al., 2010; Gspann et al., 2014) and xylene 
(Kunadian et al., 2009; Yah et al., 2011) are among the most commonly used CNTs precursors. 
MWCNTs are typically grown from the decomposition of benzene at 1100°C and acetylene 
at 700°C, with Fe nanoparticles as catalyst. MWCNTs have also been grown from various 
other hydrocarbon precursors such as cyclohexane and fullerene (Maruyama et al., 2003). 
MWCNTs have also been synthesized from supercritical toluene at 600°C and ferrocene as 
growth catalysts. Toluene served not only as the carbon source for the nanotube formation but 
also as the solvent (Lee et al., 2004).

HIGH MOLECULAR WEIGHT CARBON PRECURSOR SOURCES 

In addition to the well-defined petrochemical products described in section 5, CNTs have also 
been successfully and systematically synthesised from local fuels, such as kerosene (Pradhan 
& Sharon, 2002), liquefied petroleum gas (LPG) (Huang et al., 2008), natural gas (Tapasztó 
et al., 2005), coal gas (Qiu et al., 2004) and asphalt (Liu et al., 2007).

Coiled and open-ended nanotubes are from commercial kerosene using Ni and Fe catalysts 
via CVD. These metals assist the growth of straight and coiled nanotubes at 1000°C. Increasing 
the decomposition temperature to 1100°C leads to the formation of carbon nanobeads, which 
are a spherical, solid and hollow carbon nanomaterial of size 600-900 nm (Pradhan & Sharon, 
2002). These nanobeads are rarely stated in literature (Sharon et al., 1998).
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SWCNTs were effectively synthesised from coal gas over ferrocene catalyst in a two-stage 
catalytic CVD technique. The temperature of the first chamber was maintained at 200°C, whereas 
that in the second chamber was increased to 850–950°C (Qiu et al., 2004). Another study showed 
that iron carbide–oxide-filled CNTs were successfully synthesised from coal gas by CVD using 
ferrocene as a catalyst in a two-stage furnace. The effective reaction temperature was 180°C and 
950°C for the first and second furnaces, respectively. Transmission electron micrographs show 
that the CNTs were filled with iron carbide–oxide (Figure 5) (Qiu et al., 2006).

    
	 (a)	 (b)

Figure 5. TEM images of iron carbide–oxide filled CNTs obtained via CVD of coal-gas: (a) low-resolution 
TEM image of partly filled CNTs; (b) high-resolution TEM image of partially filled CNT (Qiu et al., 2006).

 Several reports have successfully used LPG as a carbon source for CNT synthesis (Huang 
et al., 2008; Qian et al., 2002; Zhang et al., 2007; Zhang et al., 2008). Qian et al. (2002) 
reported the direct synthesis of agglomerated MWCNTs from the pyrolysis of LPG containing 
sulphur with Fe/Mo/Al2O3 catalyst. The synthesised MWCNTs were similar to that attained 
from propylene, which is a pure carbon source (Figure 6) (Qian et al., 2002). LPG has been 
employed as a carbon source to produce CNTs arrays on ceramic spherical surfaces in the 
floating catalyst process in a two-stage furnace. Improved alignments of CNTs have been 
obtained, with purity as high as 97.5%. Controlling the growth temperature resulted in CNTs 
with aligned form and a diameter of approximately 13 nm. Thus, large-scale and low-cost 
production of CNTs arrays are feasible using synthesised industrial fuel as a carbon source 
and a ceramic substrate (Zhang et al., 2007).

    
	 (a)	 (b)
Figure 6. The morphology of as-grown CNTs from: (a) propylene; (b) LPG decomposition (Qian et 
al., 2002).
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CNTs were also reportedly synthesised from heavy petroleum fractions, such as light 
diesel oil (LDO) and furnace oil (FO) by modifying the CVD method characterised by 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). A local 
reactor was designed to synthesise and collect soot. Collected soot was purified by a Soxhlet 
extraction apparatus. The purified CNTs were then oxidised with diluted nitric acid. The utilized 
CNTs were dispersed in different solvents. The dispersed samples were analysed at various 
temperatures. The results demonstrate that the soot was highly dispersed in distilled water and 
acetone compared with that in ethanol and methanol. SWCNTs had diameters of approximately 
70 nm from FO and 90 nm from LDO (Singh et al., 2011).

In another work, it was reported the synthesis of SWCNTs were synthesised by CVD 
utilising heavy oil residues as a carbon source. Two categories of metals, namely, magnetic 
transition metals such as Fe, Co, and Ni, and nonmagnetic metals, namely, Au and Pt, were 
used as catalysts in the growth of SWCNTs.

The structure and morphology of the synthesised SWCNTs were characterised by Raman 
spectroscopy, atomic force microscopy, SEM, and TEM. The results demonstrated that high-
quality SWCNTs can be synthesised by a CVD method with inexpensive heavy oil residue as 
the starting material. The diameter distribution of as-grown SWCNTs strongly depends on the 
type of catalysts. SWCNTs grown from transition metals (e.g., Fe, Co, and Ni) have smaller 
diameters compared with those synthesised from nonmagnetic catalysts (i.e., Au and Pt). This 
outcome establishes the feasibility of controlling SWCNT diameters by selecting the catalysts. 
Additionally, the reaction temperature is the key factor affecting the formation of SWCNTs 
from oil residues (Li et al., 2012).

The production of CNTs from waste oil has been investigated when Suriani et al. (2015) 
synthesised for the first time quasi-aligned CNTs from the decomposition of waste engine oil 
as a carbon source mixed with ferrocene as a catalyst in a two-stage furnace. The synthesis 
was performed at 500°C and 570°C for precursor and CNTs synthesis, respectively, with a 
successful ferrocene catalyst ratio of 17.99wt%. Field emission SEM images of quasi-aligned 
CNTs produced regulated diameters of 18.0 nm to 29.8 nm with lengths from 11.8 µm to  
17.1 µm. TEM, SEM, and micro-Raman analysis exposed a dense mixture of quasi-aligned 
SWCNTs and MWCNTs (Suriani et al., 2015).

CONCLUSION

The synthesis of various CNTs either single-walled or multi-walled is influenced by the type 
of hydrocarbon source used in CVD method. The process parameters involved, which are 
the type of catalyst, carrier gas, reaction temperature and reaction time, also contributed to 
the different structure of CNTs. However, the type of hydrocarbon precursor is conclusively 
playing an important role in CNTs growth. Therefore, this review paper looked into the effect 
of utilising different types of hydrocarbon source derived from petroleum and petroleum 
products in affecting the formation of carbon structures. Through CVD method, a controlled 
synthesis ambience for the carbon vaporization and nucleation lead to the formation of CNTs 
with desired quality and improved production yield. The method also favours solubility of 
hydrocarbon source and provides the conditions and controlled synthesis, which allows for 
the substrate-catalyst interaction.
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There is a clear parallel between petroleum and petrochemical products such as 
hydrocarbons sources, suggesting that the decomposition of hydrocarbon source at elevated 
temperature and diffuses through catalytic particle is a key factor in the CNTs growth.

ACKNOWLEDGEMENT

The authors would like to acknowledge the Research Management Centre, Universiti Putra 
Malaysia, for providing the research grant (GP-IPS/2015/9465500). 

REFERENCES
Abbaslou, R. M. M., Soltan, J., & Dalai, A. K. (2010). The effects of carbon concentration in the precursor 

gas on the quality and quantity of carbon nanotubes synthesized by CVD method. Applied Catalysis 
A: General, 372(2), 147-152. doi:http://dx.doi.org/10.1016/j.apcata.2009.10.025

Abdullahi, I., Sakulchaicharoen, N., & Herrera, J. E. (2014). Selective synthesis of single-walled carbon 
nanotubes on Fe–MgO catalyst by chemical vapor deposition of methane. Diamond and Related 
Materials, 41, 84-93. doi:10.1016/j.diamond.2013.11.008

Allaedini, G., Tasirin, S. M., & Aminayi, P. (2015). Synthesis of CNTs via Chemical Vapor Deposition 
of Carbon Dioxide as a Carbon Source in the Presence of NiMgO. Journal of Alloys and Compounds, 
647(0), 809-814. doi:http://dx.doi.org/10.1016/j.jallcom.2015.06.012

Altalhi, T., Ginic-Markovic, M., Han, N., Clarke, S., & Losic, D. (2010). Synthesis of Carbon Nanotube 
(CNT) Composite Membranes. Membranes (Basel), 1(1), 37-47. doi:10.3390/membranes1010037

Asokan, V., Myrseth, V., & Kosinski, P. (2015). Effect of Pt and Fe catalysts in the transformation 
of carbon black into carbon nanotubes. Journal of Physics and Chemistry of Solids, 81, 106-115. 
doi:10.1016/j.jpcs.2015.02.006

Atchudan, R., & Pandurangan, A. (2012). The use of bimetallic MCM-41 mesoporous catalysts for the 
synthesis of MWCNTs by chemical vapor deposition. Journal of Molecular Catalysis A: Chemical, 
355, 75-84. doi:10.1016/j.molcata.2011.11.028

Bachmatiuk, A., Kalenczuk, R. J., Rummeli, M. H., Gemming, T., & Borowiak-Palen, E. (2008). 
Preparation of ultra-large-scale catalysts for catalytic vapour deposition of carbon nanotubes. Materials 
Science-Poland, 26(1), 105-111. 

Bahgat, M., Farghali, A. A., El Rouby, W. M. A., & Khedr, M. H. (2011). Synthesis and modification of 
multi-walled carbon nano-tubes (MWCNTs) for water treatment applications. Journal of Analytical 
and Applied Pyrolysis, 92(2), 307-313. doi:10.1016/j.jaap.2011.07.002

Bansal, M., Lal, C., Srivastava, R., Kamalasanan, M. N., & Tanwar, L. S. (2010). Comparison of structure 
and yield of multiwall carbon nanotubes produced by the CVD technique and a water assisted method. 
Physica B: Condensed Matter, 405(7), 1745-1749. doi:http://dx.doi.org/10.1016/j.physb.2010.01.031

Bathgate, G., Iyuke, S., & Kavishe, F. (2012). Comparison of Straight and Helical Nanotube Production 
in a Swirled Fluid CVD Reactor. ISRN Nanotechnology, 2012, 1-10. doi:10.5402/2012/985834

Camilli, L., Scarselli, M., Del Gobbo, S., Castrucci, P., Nanni, F., Gautron, E., Lefrant, S., & De Crescenzi, 
M. (2011). The synthesis and characterization of carbon nanotubes grown by chemical vapor deposition 
using a stainless steel catalyst. Carbon, 49(10), 3307-3315. doi:10.1016/j.carbon.2011.04.014



Hayder Baqer Abdullah, Irmawati Ramli, Ismayadi Ismail and Nor Azah Yusof

390 Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Cantoro, M., Hofmann, S., Pisana, S., Scardaci, V., Parvez, A., Ducati, C., Ferrari, A. C., Blackburn, A. 
M., Wang, K. Y., & Robertson, J. (2006). Catalytic Chemical Vapor Deposition of Single-Wall Carbon 
Nanotubes at Low Temperatures. Nano Lett, 6(6), 1107-1112. 

Chen, Y., Ciuparu, D., Lim, S., Haller, G. L., & Pfefferle, L. D. (2006). The effect of the cobalt loading 
on the growth of single wall carbon nanotubes by CO disproportionation on Co-MCM-41 catalysts. 
Carbon, 44(1), 67-78. doi:10.1016/j.carbon.2005.07.035

Chena, Y., Suna, Z., Li, Y. N., & Tay, B. K. (2006). Optimization of carbon nanotube powder growth 
using low pressure floating catalytic chemical vapor deposition. Materials Chemistry and Physics, 
98(2-3), 256-260. doi:10.1016/j.matchemphys.2005.09.017

Cheraghi, S., & Taher, M. A. (2016). Fabrication of CdO/single wall carbon nanotubes modified ionic 
liquids carbon paste electrode as a high performance sensor in diphenhydramine analysis. Journal of 
Molecular Liquids, 219, 1023-1029. doi:http://dx.doi.org/10.1016/j.molliq.2016.04.035

Chiangga, S., Suttisiri, N., & Nilsaengrat, P. (2009). Effect of temperature on carbon nanotubes growth 
on thin Iron film by thermal chemical vapor deposition method under the low pressure. Physics 
Procedia, 2(1), 107-111. doi:10.1016/j.phpro.2009.06.017

Eatemadi, A., Daraee, H., Karimkhanloo, H., Kouhi, M., Zarghami, N., Akbarzadeh, A., Abasi, M., 
Hanifehpour, Y., & Joo, S. W. (2014). Carbon nanotubes: properties, synthesis, purification and medical 
applications. Nanoscale Res Lett, 9(1), 393-405. doi:10.1186/1556-276x-9-393

Emmenegger, C., Bonard, J. M., Mauron, P., Sudan, P., Lepora, A., Grobety, B., ... Schlapbach, L. (2003). 
Synthesis of carbon nanotubes over Fe catalyst on aluminium and suggested growth mechanism. 
Carbon, 41(3), 539-547. 

Escobar, M., Moreno, M. S., Candal, R. J., Marchi, M. C., Caso, A., Polosecki, P. I., … Goyanes, S. (2007). 
Synthesis of carbon nanotubes by CVD: Effect of acetylene pressure on nanotubes characteristics. 
Applied Surface Science, 254(1), 251-256. doi:http://dx.doi.org/10.1016/j.apsusc.2007.07.044

Fedorovskaya, E. O., Apartsin, E. K., Novopashina, D. S., Venyaminova, A. G., Kurenya, A. G., 
Bulusheva, L. G., & Okotrub, A. V. (2016). RNA-modified carbon nanotube arrays recognizing 
RNA via electrochemical capacitance response. Materials and Design, 100, 67-72. doi:http://dx.doi.
org/10.1016/j.matdes.2016.03.110

Flahaut, E., Laurent, C., & Peigney, A. (2005). Catalytic CVD synthesis of double and triple-walled 
carbon nanotubes by the control of the catalyst preparation. Carbon, 43(2), 375-383. doi:10.1016/j.
carbon.2004.09.021

Gallego, J., Sierra, G., Mondragon, F., Barrault, J., & Batiot-Dupeyrat, C. (2011). Synthesis of MWCNTs 
and hydrogen from ethanol catalytic decomposition over a Ni/La2O3 catalyst produced by the 
reduction of LaNiO3. Applied Catalysis A: General, 397(1-2), 73-81. doi:10.1016/j.apcata.2011.02.017

Gohier, A., Ewels, C. P., Minea, T. M., & Djouadi, M. A. (2008). Carbon nanotube growth mechanism 
switches from tip- to base-growth with decreasing catalyst particle size. Carbon, 46(10), 1331-1338. 
doi:http://dx.doi.org/10.1016/j.carbon.2008.05.016

Gore, J. P., & Sane, A. (2011). Flame synthesis of carbon nanotubes. In S. Yellampalli (Ed.), Carbon 
Nanotubes - Synthesis, Characterization, Applications (pp.121-146). Croatia: InTech. 

Gspann, T. S., Smail, F. R., & Windle, A. H. (2014). Spinning of carbon nanotube fibres using the floating 
catalyst high temperature route: purity issues and the critical role of sulphur. Faraday Discuss, 173, 
47-65. doi:10.1039/c4fd00066h



Hydrocarbon Sources for the Carbon Nanotubes Production by CVD Method

391Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Hashempour, M., Vicenzo, A., Zhao, F., & Bestetti, M. (2014). Effects of CVD direct growth of carbon 
nanotubes and nanofibers on microstructure and electrochemical corrosion behavior of 316 stainless 
steel. Materials Characterization, 92, 64-76. doi:http://dx.doi.org/10.1016/j.matchar.2014.03.001

Hata, K., Futaba, D. N., Mizuno, K., Namai, T., Yumura, M., & Iijima, S. (2004). Water-assisted highly 
efficient synthesis of impurity-free single-walled carbon nanotubes. Science, 306(5700), 1362-1364. 

Hayashi, Y., Iijima, T., Miyake, M., Satoh, M., Rupesinghe, N. L., Teo, K. B. K., & Tanmemura, M. 
(2011). Growth evolution of rapid grown aligned carbon nanotube forests without water vapor on 
Fe/Al2O3/SiO2/Si substrate. Diamond and Related Materials, 20(7), 859-862. doi:http://dx.doi.
org/10.1016/j.diamond.2011.02.003

Hernadi, K., Fonseca, A., Nagy, J. B., Siska, A., & Kiricsi, I. (2000). Production of nanotubes by the 
catalytic decomposition of different carbon-containing compounds. Applied Catalysis A: General, 
199(2), 245-255. 

Huang, J., Zhang, Q., Wei, F., Qian, W., Wang, D., & Hu, L. (2008). Liquefied petroleum gas containing 
sulfur as the carbon source for carbon nanotube forests. Carbon, 46(2), 291-296. doi:10.1016/j.
carbon.2007.11.044

Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354(6348), 56-58. 

Inami, N., Mohamed, M. A., Shikoh, E., & Fujiwara, A. (2007). Synthesis-condition dependence of carbon 
nanotube growth by alcohol catalytic chemical vapor deposition method. Science and Technology of 
Advanced Materials, 8(4), 292-295. doi:10.1016/j.stam.2007.02.009

Izadi, N., Rashidi, A. M., Horri, B. A., Mosoudi, M. R., Bozorgzadeh, H. R., & Zeraatkar, A. (2011). 
Growth of single-walled carbon nanotubes on a Co–Mo–MgO supported catalyst by the CVD of 
methane in a fixed bed reactor: Model setting and parameter estimation. Solid State Sciences, 13(6), 
1242-1250. doi:10.1016/j.solidstatesciences.2011.03.016

Jehng, J. M., Tung, W. C., & Kuo, C. H. (2007). The formation mechanisms of multi-wall carbon 
nanotubes over the Ni modified MCM-41 catalysts. Journal of Porous Materials, 15(1), 43-51. 
doi:10.1007/s10934-006-9050-x

Jones, D. J. S. (2006). Petroleum products and a refinery configuration. In D. J. S. Jones & P. Pujadó 
(Eds.), Handbook of Petroleum Processing (pp. 47-109). Netherlands: Springer.

Ka, I., Le Borgne, V., Ma, D., & El Khakani, M. A. (2012). Pulsed Laser Ablation based Direct Synthesis 
of Single-Wall Carbon Nanotube/PbS Quantum Dot Nanohybrids Exhibiting Strong, Spectrally 
Wide and Fast Photoresponse (Adv. Mater. 47/2012). Adv Mater, 24(47), 6288-6288. doi:10.1002/
adma.201290298

Kishore, S. C., & Pandurangan, A. (2012). Electrophoretic deposition of cobalt catalyst layer over 
stainless steel for the high yield synthesis of carbon nanotubes. Applied Surface Science, 258(20), 
7936-7942. doi:10.1016/j.apsusc.2012.04.138

Kotsilkova, R., Ivanov, E., Bychanok, D., Paddubskaya, A., Demidenko, M., Macutkevic, J., … Kuzhir, 
P. (2015). Effects of sonochemical modification of carbon nanotubes on electrical and electromagnetic 
shielding properties of epoxy composites. Composites Science and Technology, 106, 85-92. doi:http://
dx.doi.org/10.1016/j.compscitech.2014.11.004

Koziol, K., Boskovic, B. O., & Yahya, N. (2011). Synthesis of Carbon Nanostructures by CVD Method.
In N. Yahya (Ed.), Carbon and Oxide Nanostructures: Synthesis, Characterisation and Applications 
(pp. 23-49). Berlin, Heidelberg: Springer Berlin Heidelberg.



Hayder Baqer Abdullah, Irmawati Ramli, Ismayadi Ismail and Nor Azah Yusof

392 Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Kukovitsky, E. F., L’Vov, S. G., & Sainov, N. A. (2000). VLS-growth of carbon nanotubes from the vapor. 
Chemical Physics Letters, 317(1–2), 65-70. doi:http://dx.doi.org/10.1016/S0009-2614(99)01299-3

Kumar, M. (2011). Carbon Nanotube Synthesis and Growth Mechanism. In S. Yellampalli (Ed.), Carbon 
Nanotubes - Synthesis, Characterization, Applications (pp.147-170). Croatia: InTech.

Kunadian, I., Andrews, R., Mengüç, M. P., & Qian, D. (2009). Multiwalled carbon nanotube deposition 
profiles within a CVD reactor: An experimental study. Chemical Engineering Science, 64(7), 1503-
1510. doi:10.1016/j.ces.2008.12.033

Lee, C. J., Park, J., Huh, Y., & Lee, J. Y. (2001). Temperature effect on the growth of carbon nanotubes 
using thermal chemical vapor deposition. Chemical Physics Letters, 343(1), 33-38. 

Lee, C. J., Park, J., Kim, J. M., Huh, Y., Lee, J. Y., & No, K. S. (2000). Low-temperature growth of 
carbon nanotubes by thermal chemical vapor deposition using Pd, Cr, and Pt as co-catalyst. Chemical 
physics letters, 327(5), 277-283. 

Lee, D. C., Mikulec, F. V., & Korgel, B. A. (2004). Carbon nanotube synthesis in supercritical toluene. 
Journal of the American Chemical Society, 126(15), 4951-4957. 

Lee, S. Y., Yamada, M., & Miyake, M. (2005). Synthesis of carbon nanotubes over gold nanoparticle 
supported catalysts. Carbon, 43(13), 2654-2663. doi:10.1016/j.carbon.2005.05.045

Lee, T. Y., Han, J. H., Choi, S. H., Yoo, J. B., Park, C. Y., Jung, T., … Kim, J. M. (2003). Comparison of 
source gases and catalyst metals for growth of carbon nanotube. Surface and Coatings Technology, 
169-170, 348-352. doi:10.1016/s0257-8972(03)00108-7

Li, Q., Yan, H., Zhang, J., & Liu, Z. (2004). Effect of hydrocarbons precursors on the formation of carbon 
nanotubes in chemical vapor deposition. Carbon, 42(4), 829-835. doi:10.1016/j.carbon.2004.01.070

Li, Y., Wang, H., Wang, G., & Gao, J. (2012). Synthesis of single-walled carbon nanotubes from heavy 
oil residue. Chemical Engineering Journal, 211-212, 255-259. doi:10.1016/j.cej.2012.09.031

Li, Y., Zhang, L. H., Zhong, X. H., & Windle, A. H. (2007). Synthesis of high purity single-walled 
carbon nanotubes from ethanol by catalytic gas flow CVD reactions. Nanotechnology, 18(22), 
225604–225610. doi:10.1088/0957-4484/18/22/225604

Liew, S., Ramli, I., Yahya, N., & Shaari, A. H. (2014). Encapsulation of Iron(III) Oxide in Carbon 
Nanotube Bundles Using Pulsed Laser. Advances in Natural and Applied Sciences, 8(2), 69-74. 

Liu, W. W., Aziz, A., Chai, S. P., Mohamed, A. R., & Tye, C. T. (2011). The effect of carbon precursors 
(methane, benzene and camphor) on the quality of carbon nanotubes synthesised by the chemical 
vapour decomposition. Physica E: Low-dimensional Systems and Nanostructures, 43(8), 1535-1542. 
doi:http://dx.doi.org/10.1016/j.physe.2011.05.012

Liu, X., Yang, Y., Liu, H., Ji, W., Zhang, C., & Xu, B. (2007). Carbon nanotubes from catalytic 
pyrolysis of deoiled asphalt. Materials Letters, 61(18), 3916-3919. doi:http://dx.doi.org/10.1016/j.
matlet.2006.12.057

Lobiak, E. V., Shlyakhova, E. V., Bulusheva, L. G., Plyusnin, P. E., Shubin, Y. V., & Okotrub, A. V. 
(2015). Ni–Mo and Co–Mo alloy nanoparticles for catalytic chemical vapor deposition synthesis of 
carbon nanotubes. Journal of Alloys and Compounds, 621, 351-356. doi:10.1016/j.jallcom.2014.09.220

Loebick, C. Z., Derrouiche, S., Fang, F., Li, N., Haller, G. L., & Pfefferle, L. D. (2009). Effect of 
chromium addition to the Co-MCM-41 catalyst in the synthesis of single wall carbon nanotubes. 
Applied Catalysis A: General, 368(1), 40-49. doi:10.1016/j.apcata.2009.08.004



Hydrocarbon Sources for the Carbon Nanotubes Production by CVD Method

393Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Lva, P., Zhanga, P., Lia, F., Lia, Y., Fenga, Y., & Fenga, W. (2012). Vertically aligned carbon nanotubes 
grown on carbon fabric with high rate capability for super-capacitors. Synthetic Metals, 162(13–14), 
1090-1096. doi:http://dx.doi.org/10.1016/j.synthmet.2012.04.029

MacKenzie, K. J., Dunens, O. M., & Harris, A. T. (2010). An Updated Review of Synthesis Parameters 
and Growth Mechanisms for Carbon Nanotubes in Fluidized Beds. Industrial and Engineering 
Chemistry Research, 49(11), 5323-5338. doi:10.1021/ie9019787

Maghrebi, M., Khodadadi, A. A., Mortazavi, Y., & Mhaisalkar, S. (2009). Detailed profiling of CNTs 
arrays along the growth window in a floating catalyst reactor. Applied Surface Science, 255(16), 
7243-7250. doi:10.1016/j.apsusc.2009.03.074

Maghsoodi, S., Khodadadi, A., & Mortazavi, Y. (2010). A novel continuous process for synthesis of 
carbon nanotubes using iron floating catalyst and MgO particles for CVD of methane in a fluidized 
bed reactor. Applied Surface Science, 256(9), 2769-2774. doi:10.1016/j.apsusc.2009.11.026

Maria, K. H., & Mieno, T. (2015). Synthesis of single-walled carbon nanotubes by low-frequency bipolar 
pulsed arc discharge method. Vacuum, 113, 11-18. doi:http://dx.doi.org/10.1016/j.vacuum.2014.11.025

Maruyama, S., Miyauchi, Y., Edamura, T., Igarashi, Y., Chiashi, S., & Murakami, Y. (2003). Synthesis of 
single-walled carbon nanotubes with narrow diameter-distribution from fullerene. Chemical Physics 
Letters, 375(5-6), 553-559. doi:10.1016/s0009-2614(03)00907-2

Matar, S., & Hatch, L. F. (2001). Chapter One - Primary Raw Materials for Petrochemicals. In S. Matar 
& L. F. Hatch (Eds.), Chemistry of Petrochemical Processes (2nd Ed.) (pp. 1-28). Woburn: Gulf 
Professional Publishing.

Mizuno, K., Hata, K., Saito, T., Ohshima, S., Yumura, M., & Iijima, S. (2005). Selective Matching 
of Catalyst Element and Carbon Source in Single-Walled Carbon Nanotube Synthesis on Silicon 
Substrates. The Journal of Physical Chemistry B, 109(7), 2632-2637. doi:10.1021/jp0454117

Monthioux, M. (2011). Carbon Meta-Nanotubes: Synthesis, Properties and Applications. United 
Kingdom, UK: John Wiley & Sons Ltd.

Moothi, K., Iyuke, S. E., Meyyappan, M., & Falcon, R. (2012). Coal as a carbon source for carbon 
nanotube synthesis. Carbon, 50(8), 2679-2690. doi:http://dx.doi.org/10.1016/j.carbon.2012.02.048

Narkiewicz, U., Podsiadły, M., Jędrzejewski, R., & Pełech, I. (2010). Catalytic decomposition of 
hydrocarbons on cobalt, nickel and iron catalysts to obtain carbon nanomaterials. Applied Catalysis 
A: General, 384(1–2), 27-35. doi:http://dx.doi.org/10.1016/j.apcata.2010.05.050

Nerushev, O. A., Sveningsson, M., Falk, L. K. L., & Rohmund, F. (2001). Carbon nanotube films 
obtained by thermal chemical vapour deposition. Journal of Materials Chemistry, 11(4), 1122-1132. 
doi:10.1039/B009775F

Nessim, G. D. (2010). Properties, synthesis, and growth mechanisms of carbon nanotubes with special 
focus on thermal chemical vapor deposition. Nanoscale, 2(8), 1306-1323. doi:10.1039/B9NR00427K

Niu, Z., & Fang, Y. (2006). Effects of synthesis time for synthesizing single-walled carbon nanotubes 
over Mo–Fe–MgO catalyst and suggested growth mechanism. Journal of Crystal Growth, 297(1), 
228-233. doi:10.1016/j.jcrysgro.2006.09.003

Policicchio, A., Caruso, T., Chiarello, G., Colavita, E., Formoso, V., Agostino, R. G., Tsoufis, T., Gournis, 
D., & La Rosa, S. (2007). Electronic, chemical and structural characterization of CNTs grown by 
acetylene decomposition over MgO supported Fe–Co bimetallic catalysts. Surface Science, 601(13), 
2823-2827. doi:10.1016/j.susc.2006.12.051



Hayder Baqer Abdullah, Irmawati Ramli, Ismayadi Ismail and Nor Azah Yusof

394 Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Pradhan, D., & Sharon, M. (2002). Carbon nanotubes, nanofilaments and nanobeads by thermal chemical 
vapor deposition process. Materials Science and Engineering: B, 96(1), 24-28. 

Prasek, J., Drbohlavova, J., Chomoucka, J., Hubalek, J., Jasek, O., Adam, V., & Kizek, R. (2011). 
Methods for carbon nanotubes synthesis-review. Journal of Materials Chemistry, 21(40), 15872-
15884. doi:10.1039/C1JM12254A

Purohit, R., Purohit, K., Rana, S., Rana, R. S., & Patel, V. (2014). Carbon Nanotubes and Their Growth 
Methods. Procedia Materials Science, 6, 716-728. doi:http://dx.doi.org/10.1016/j.mspro.2014.07.088

Qian, W., Yu, H., Wei, F., Zhang, Q., & Wang, Z. (2002). Synthesis of carbon nanotubes from liquefied 
petroleum gas containing sulfur. Carbon, 40(15), 2968-2970. 

Qiu, J., An, Y., Zhao, Z., Li, Y., & Zhou, Y. (2004). Catalytic synthesis of single-walled carbon nanotubes 
from coal gas by chemical vapor deposition method. Fuel Processing Technology, 85(8-10), 913-920. 
doi:10.1016/j.fuproc.2003.11.033

Qiu, J., Li, Q., Wang, Z., Sun, Y., & Zhang, H. (2006). CVD synthesis of coal-gas-derived carbon 
nanotubes and nanocapsules containing magnetic iron carbide and oxide. Carbon, 44(12), 2565-2568. 
doi:10.1016/j.carbon.2006.05.030

Ren, F., Kanaan, S. A., Majewska, M. M., Keskar, G. D., Azoz, S., Wang, H., … Pfefferle, L. D. (2014). 
Increase in the yield of (and selective synthesis of large-diameter) single-walled carbon nanotubes 
through water-assisted ethanol pyrolysis. Journal of Catalysis, 309, 419-427. doi:http://dx.doi.
org/10.1016/j.jcat.2013.10.007

Saengmee-anupharb, S., Thongpang, S., Bertheir, E. S. P., & Singjai, P. (2011). Growth of Vertically 
Aligned Carbon Nanotubes on Silicon Using a Sparked Iron-Cobalt Catalyst. ISRN Nanotechnology, 
2011, 1-8. doi:10.5402/2011/684748

See, C. H., & Harris, A. T. (2007). A Review of Carbon Nanotube Synthesis via Fluidized-Bed Chemical 
Vapor Deposition. Industrial and Engineering Chemistry Research, 46(4), 997-1012. doi:10.1021/
ie060955b

Sharon, M., Mukhopadhyay, K., Yase, K., Iijima, S., Ando, Y., & Zhao, X. (1998). European Materials 
Research Society 1997 Meeting, Symposium A: Fullernes and Carbon based MaterialsSpongy 
carbon nanobeads—A new material. Carbon, 36(5), 507-511. doi:http://dx.doi.org/10.1016/S0008-
6223(98)00060-8

Singh, J., Kothiyal, N. C., & Pathania, D. (2011). Synthesis of Highly Dispersed Single Walled Carbon 
Nanotubes from Furnace Oil and Light Diesel Oil by Modified Chemical Vapour. International Journal 
of Theoretical and Applied Science, 3(2), 15-20. 

Su, W., Zhu, Y., Zhang, J., Liu, Y., Yang, Y., Mao, Q., & Li, L. (2016). Effect of multi-wall carbon nanotubes 
supported nano-nickel and TiF3 addition on hydrogen storage properties of magnesium hydride. 
Journal of Alloys and Compounds, 669, 8-18. doi:http://dx.doi.org/10.1016/j.jallcom.2016.01.253

Suriani, A. B., Alfarisa, S., Mohamed, A., Isa, I. M., Kamari, A., Hashim, N., … Rusop, M. (2015). 
Quasi-aligned carbon nanotubes synthesised from waste engine oil. Materials Letters, 139, 220-223. 
doi:10.1016/j.matlet.2014.10.046

Szabó, A., Perri, C., Csató, A., Giordano, G., Vuono, D., & Nagy, J. B. (2010). Synthesis Methods of 
Carbon Nanotubes and Related Materials. Materials, 3(5), 3092-3140. doi:10.3390/ma3053092



Hydrocarbon Sources for the Carbon Nanotubes Production by CVD Method

395Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Takenaka, S., Iguchi, T., Tanabe, E., Matsune, H., & Kishida, M. (2009). Formation of carbon nanotubes 
through ethylene decomposition over supported Pt catalysts and silica-coated Pt catalysts. Carbon, 
47(5), 1251-1257. doi:10.1016/j.carbon.2008.12.051

Tapasztó, L., Kertész, K., Vértesy, Z., Horváth, Z. E., Koós, A. A., Osváth, Z., … Biró, L. P. (2005). 
Diameter and morphology dependence on experimental conditions of carbon nanotube arrays grown 
by spray pyrolysis. Carbon, 43(5), 970-977. doi:http://dx.doi.org/10.1016/j.carbon.2004.11.048

Tessonnier, J. P., & Su, D. S. (2011). Recent Progress on the Growth Mechanism of Carbon Nanotubes: 
A Review. ChemSusChem, 4(7), 824-847. doi:10.1002/cssc.201100175

Tran, K. Y., Heinrichs, B., Colomer, J. F., Pirard, J. P., & Lambert, S. (2007). Carbon nanotubes synthesis 
by the ethylene chemical catalytic vapour deposition (CCVD) process on Fe, Co, and Fe–Co/Al2O3 
sol–gel catalysts. Applied Catalysis A: General, 318, 63-69. doi:10.1016/j.apcata.2006.10.042

Wang, X., Li, Z., Xu, W., Kulkarni, S. A., Batabyal, S. K., Zhang, S., … Wong, L. H. (2015). TiO2 
nanotube arrays based flexible perovskite solar cells with transparent carbon nanotube electrode. Nano 
Energy, 11, 728-735. doi:http://dx.doi.org/10.1016/j.nanoen.2014.11.042

Yah, C. S., Iyuke, S. E., Simate, G. S., Unuabonah, E. I., Bathgate, G., Matthews, G., & Cluett, J. D. 
(2011). Continuous synthesis of multiwalled carbon nanotubes from xylene using the swirled floating 
catalyst chemical vapor deposition technique. Journal of Materials Research, 26(05), 640-644. 
doi:10.1557/jmr.2010.69

Yang, X., Shi, C., Liu, E., He, C., Du, X., Li, J., & Zhao, N. (2012). Low-temperature synthesis of 
multi-walled carbon nanotubes over Cu catalyst. Materials Letters, 72, 164-167. doi:10.1016/j.
matlet.2011.12.112

Yun, Y., Shanov, V., Tu, Y., Subramaniam, S., & Schulz, M. J. (2006). Growth Mechanism of Long 
Aligned Multiwall Carbon Nanotube Arrays by Water-Assisted Chemical Vapor Deposition. The 
Journal of Physical Chemistry B, 110(47), 23920-23925. doi:10.1021/jp057171g

Zhan, Z. Y., Zhang, Y. N., Sun, G. Z., Zheng, L. X., & Liao, K. (2011). The effects of catalyst treatment 
on fast growth of millimeter-long multi-walled carbon nanotube arrays. Applied Surface Science, 
257(17), 7704-7708. doi:10.1016/j.apsusc.2011.04.013

Zhang, J., Tu, R., & Goto, T. (2011). Preparation of carbon nanotube by rotary CVD on Ni nano-particle 
precipitated cBN using nickelocene as a precursor. Materials Letters, 65(2), 367-370. doi:http://dx.doi.
org/10.1016/j.matlet.2010.09.074

Zhang, Q., Huang, J., Wei, F., Xu, G., Wang, Y., Qian, W., & Wang, D. (2007). Large scale production 
of carbon nanotube arrays on the sphere surface from liquefied petroleum gas at low cost. Chinese 
Science Bulletin, 52(21), 2896-2902. doi:10.1007/s11434-007-0458-8

Zhang, Q., Liu, Y., Hunang, J., Qian, W., Wang, Y., & Wei, F. (2008). Synthesis of Single-walled Carbon 
Nanotubes from Liquefied Petroleum Gas. Nano, 03(02), 95-100. doi:10.1142/S179329200800085X

Zhao, N., He, C., Jiang, Z., Li, J., & Li, Y. (2006). Fabrication and growth mechanism of carbon nanotubes 
by catalytic chemical vapor deposition. Materials Letters, 60(2), 159-163. http://dx.doi.org/10.1016/j.
matlet.2005.08.009

Zheng, L., Liao, X., & Zhu, Y. T. (2006). Parametric study of carbon nanotube growth via cobalt-catalyzed 
ethanol decomposition. Materials Letters, 60(16), 1968-1972. doi:10.1016/j.matlet.2005.12.060



Hayder Baqer Abdullah, Irmawati Ramli, Ismayadi Ismail and Nor Azah Yusof

396 Pertanika J. Sci. & Technol. 25 (2): 379 - 396 (2017)

Zhong, G., Hofmann, S., Yan, F., Telg, H., Warner, J. H., Eder, D., Thomsen, C., Milne, W. I., & Robertson, 
J. (2009). Acetylene: A Key Growth Precursor for Single-Walled Carbon Nanotube Forests. The 
Journal of Physical Chemistry C, 113(40), 17321-17325. doi:10.1021/jp905134b

Zhou, Z., Ci, L., Chen, X., Tang, D., Yan, X., Liu, D., ... Xie, S. (2003). Controllable growth of double 
wall carbon nanotubes in a floating catalytic system. Carbon, 41(2), 337-342. 

Zhu, H. L., Bai, Y. J., Cui, H. Z., & Liu, L. (2014). Facile synthesis of carbon nanotubes via low 
temperature pyrolysis of ferrocene. Journal of Crystal Growth, 404, 44-47. doi:http://dx.doi.
org/10.1016/j.jcrysgro.2014.06.048

Zhu, J., Jia, J., Kwong, F. L., & Ng, D. H. L. (2012). Synthesis of bamboo-like carbon nanotubes on a 
copper foil by catalytic chemical vapor deposition from ethanol. Carbon, 50(7), 2504-2512. doi:http://
dx.doi.org/10.1016/j.carbon.2012.01.073



Pertanika J. Sci. & Technol. 25 (2): 397 - 406 (2017)

SCIENCE & TECHNOLOGY
Journal homepage: http://www.pertanika.upm.edu.my/

ISSN: 0128-7680  © 2017 Universiti Putra Malaysia Press.

Article history:
Received: 02 February 2016
Accepted: 17 June 2016

E-mail addresses: 
nithinshiv1989@gmail.com (Nithin H. S.), 
desai@nitk.ac.in (Vijay Desai),
ramesdmt@gmail.com (M. R. Ramesh)
*Corresponding Author

An Investigation on High Temperature Erosion Behaviour of 
Plasma Sprayed CoCrAlY/Al2O3/YSZ on Fe and Ni Based Alloys

Nithin H. S.*, Vijay Desai and M. R. Ramesh
Department of Mechanical Engineering, National Institute of Technology Karnataka, Mangalore 575 025, 
Karnataka, India  

ABSTRACT

Parts of aircraft and gas turbines used for power production are subjected to severe erosion damage since 
aircrafts frequently operate in sandy environment. Low cost fuel such as poor quality coal is used in gas 
turbines which produce suspended hard particle in the exhaust. In the past, researchers have worked on 
minimising the erosion by using certain coatings. Development of new coatings is necessary in order to 
explore further in improving resistance against erosion process under high operating temperature of gas 
turbine, aero engines and other components. In the present work, the investigation of elevated temperature 
erosion behaviour of CoCrAlY/Al2O3/YSZ coatings synthesised by plasma spraying on two different 
base metals, namely, Hastelloy X (Superni 76) and AISI 321 (MDN 321) was carried out. The coated 
samples were subjected to erosion test at 600ºC with the impact angles of 30º and 90º under steady state 
condition. Alumina powder was used as erodent material of uneven angular shape of 50 μm particle size. 
The morphology and phase formed on eroded surface are characterised using SEM and X-ray diffraction 
to determine the erosion mechanism. The rate of erosion is determined by weight loss method and the 
CoCrAlY/Al2O3/YSZ coating showed up to about 25% lower erosion rate than the substrate alloy. It was 
observed that the erosion resistance of CoCrAlY/Al2O3/YSZ coating on both MDN 321 and Superni 76 
gave almost similar erosion resistance which shows that the erosion behaviour of coating is not influenced 
by substrate unless spray parameter and substrate roughness is changed.

Keywords: Ceramics, erosion mechanism, high temperature erosion, plasma spray, substrate

INTRODUCTION

Solid Particle erosion is a major material 
degradation process in many industries like 
power production, chemical plant, mining 
machineries and also aircraft engines. Gas 
turbines are the power source for these 
industries and engines, which operate in 
harsh environment. This imposes continuous 
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development of new materials. Aircraft engine parts (compressor, turbine and propeller blades) 
are exposed to severe erosion media (Sundararajan & Roy, 1997). Thermal spray coatings 
can provide greater resistance to surface degradation process, which enhances the lifecycle of 
component by maintaining the mechanical strength of the base metal.

There are many thermal spray processes available; among that plasma spraying is a well-
established and versatile technique for producing metals and ceramics coatings. It is recorded 
as a promising technology by providing reliable and cost-effective solution for many industrial 
problems (Sidhu & Prakash, 2006). In plasma spraying, the coating material in the form of 
powder is introduced into a high temperature plasma jet and the particle gets melted and 
accelerated towards the substrate. Upon impact, the molten particle is flattened and quenched 
on the substrate asperities. This results in a layered microstructure, which may contain typical 
defects such as pores, splat boundaries and micro cracks. Plasma spraying provides coatings 
with thickness from tens of micrometres to hundreds of micrometres deposited with high 
deposition rate, which also gives good quality and good adherent coating.

The plasma sprayed MCrAlY (where M is nickel, cobalt, or a combination of Ni and 
Co) coatings on Ni-based super alloys and other high strength alloys have been found to 
enhance the hot corrosion and oxidation resistance, which leads to the formation of oxides, 
and spinals of nickel, aluminium, chromium and cobalt (Seo et al., 2008). Yttrium and 
aluminium are the two elements in MCrAlY combination, which oxidise during thermal 
spraying because of their high affinity to the oxygen. Thus, there are more chances of fine 
dispersed Al and Y rich oxides in the as-sprayed coatings (Brandl et al., 1998). CoCrAlY 
bond coat performs excellent hot corrosion and oxidation resistance with high levels of 
Al and Cr, especially in marine operating condition, although there is a lag in remarkable 
erosion and wear resistance (Li et al., 1998). Various hard phases used for Ni based coatings 
as reinforcing additives are WC, Al2O3, Cr3C2, Cr2O3, TiC, SiC, TiN, CeO2, TiO2, etc. There 
are, however, only few reinforcing like MoS2, Ce, Si, Y2O3 etc (Ogawa et al., 2006; Ramesh, 
et al., 2010; Kim & Korsunsky, 2010) on Co based coating. Ramesh et al. (2010) studied 
the solid particle erosion resistance of WC–Co/NiCrFeSiB coating deposited using HVOF 
spraying process and observed that the HVOF spraying led to a high retention of WC in the 
coating matrix. The average value of microhardness was reported as 1223 HV0.3 and the main 
erosion mechanism of the coating was attributed to brittle mode. It was reported that plasma 
sprayed NiCrSiB/Al2O3 coating on AISI 304 substrate material showed a better performance 
in 30º impact angles, but coating could protect the substrate at both 30º and 90º of impact 
angles. The coating shows improved hardness value from 160-673 HV at 200 g load. The 
presence of groves, lips, splat removal and detachment of Al2O3 hard particles combined to 
form both ductile and brittle mode of erosion (Praveen, 2015).

In the present study, Al2O3 powder is mixed with a CoCrAlY powder and atmospheric 
plasma spraying was used to deposit the composite coating on Ni and Fe based alloys. Al2O3 
was selected due to its high hardness, low cost, better thermal stability, better wettability and 
thermal expansion coefficient similar to Ni alloy (Praveen, 2015). The erosion behaviour 
of coatings was studied at 30º and 90º of impingement angles and the eroded surfaces were 
analysed with SEM images to identify the erosion mechanism.
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MATERIALS AND METHODS

Substrate material and coating characterisation

Austenitic stainless steel (MDN 321) and Nickel based super alloy (Superni 76), which are 
used as material for aircraft engine parts, furnaces and many high temperature application, have 
been used as substrate in the present study. The specimens MDN 321 and Superni 76 are cut 
into the dimensions of 25x25x4 (mm) and 25x25x3 (mm) respectively from cold rolled plate 
for erosion studies. Samples were cleaned in acetone and grit blasted using alumina powder 
of 150μm before the atmospheric plasma spray process for better adhesion between coating 
and substrate. CoCrAlY/28%Al2O3/2%YSZ composite powder of particle sizes -15 to +45µm 
was deposited using the plasma spray process.

YSZ is a rare earth element which is used mainly for wear and erosion application due to its 
high hardness. Addition of rare-earth elements (CeO2, La2O3, and Y2O3) provides increases in wear, 
corrosion, oxidation resistance and also improves the hardness, toughness, bond strength, and 
thermal shock resistance of various coating materials (Sharma, 2012). The plasma spray process 
was carried out using METCO USA 3MB equipment (Spraymet Surface Technologies Private 
Limited, Bangalore, India). The spray parameter adapted during deposition is listed in Table 1.

The coated samples were sectioned and polished to determine coating thickness, porosity 
and morphology using optical microscope supported with image analyser software and SEM. 
Hardness was carried out using Mitutoyo hardness tester. X-ray diffraction was done to analyse 
different phases in powder coating.

Table 1
Plasma spray parameters

Argon flow rate 40 l/m
Hydrogen flow rate 5-7 l/m

Current 490 A
Voltage 60-70 V

Powder feed rate 60 g/m
Stand of distance 100-120 mm

Erosion Studies

Erosion tests were carried out as per ASTM G76-13 standard using solid particle Air Jet 
Erosion Tester TR-471-800 (Ducom Instruments Private Limited, Bangalore, India), which 
can operate at the maximum temperature of 800ºC. The erosion studies were performed both 
on the substrate and coating at 600ºC for comparison. The testing conditions of erosion in the 
present study are listed in Table 2.

Before testing, the samples were cleaned with acetone, followed by drying and later 
weighed using electronic weighing balance with least count 0.1 mg. The samples were then 
fixed to the holder with two different angles of 30º and 90º and allowed it to erode for 5 cycles 
having each cycle of 10 minutes. Then, the eroded samples were cleaned with high pressure 
air to remove erodent particle and weighed to determine the weight loss.
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Table 2
Erosion Test Conditions

Erodent material Alumina
Erodent average size 50 μm

Particle velocity 35 m/s
Erodent feed rate 2 g/min

Impact angle 30º and 90º
Temperature 600ºC

Cycle test time 10 min
Nozzle diameter 1.5 mm
Standoff distance 10 mm

RESULTS AND DISCUSSION

Microstructure and Properties of Coating

Cross section of the coated sample observed in SEM is shown in Figure 1 and the scale bar 
in the SEM image shows the appropriate coating thickness ranging from 150 μm to 200 μm. 
Elliptical splats formed due to the impacts of fully melted and partially melted particles could 
be seen. Marked small round partially melted particles could also be seen in back scattered 
image in Figure 1(a). The grey region was found to be Al2O3 and white region corresponded to 
Co rich phases, and pores could also be seen with spotted black colour. Pores present between 
the boundaries of splats can be observed in secondary electron image as shown in Figure 1(b). 
Surface morphology of coating, distribution of splats and the splat formed during the molten 
particle impact are shown in the magnified SEM image in Figure 1 (c, d) and d respectively.

Figure 1. The SEM images of cross section (a, b) and surface (c, d) of as-coated sample.
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The X-ray diffraction pattern of powder and plasma sprayed CoCrAlY/Al2O3/YSZ shown 
in Figure 2 shows some similar peaks of Cr, α-Co and Al3Co. Cr and Al2O3 are the major phases 
in the powder with α-Co and Al3Co as minor phases having low intensity peaks. Cr oxide has 
been observed in the coated sample, which was formed due to the occurrence of oxidation 
during in-flight time, and plasma spray process has higher in-flight time compared to other 
thermal spray process (Wang et al., 2015). The slight amorphosisation may occur during the 
process leading to change in X-ray diffraction pattern peak height and width, which can be 
observed in the X-ray diffraction pattern.

Figure 2. The X-ray diffraction pattern of (a) CoCrAlY/Al2O3/YSZ powder; (b) As coated

The variation of the microhardness values of the substrate and coating is shown in Figure 3. 
Both MDN 321 and Superni 76 substrates obtained the hardness value of 185 HV and 280 HV  
respectively. The CoCrAlY/Al2O3/YSZ coating shows the hardness value of 285 HV.

The increase in the hardness of substrate can be observed near the interface because of 
work hardening effect during the sand blasting prior to plasma spray process. The variation 
of the microhardness values of coating across the cross section is due to heterogeneous nature 
and distribution of Al2O3 in CoCrAlY matrix. Similarly, Praveen et al. (2015) reported that 
the heterogeneous nature of Plasma Sprayed Al2O3 with Ni based powder coating with the 
microhardness value of 673 HV with the load of 300 g.
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Figure 3. Microhardness variation along the cross section of coating and substrates.

The influence of impact angle on solid particle erosion
The volumetric erosion rate of coating on two substrates with different impact angles of 90º and 
30º is represented in a bar chart in Figure 4. At both 90º and 30º of impact angles, the coated 
samples showed better erosion resistance performance on both Ni and Fe based alloy substrates. 
By quantifying the volumetric erosion rate, it is clear that coating shows better performance at 
90º compared to 30º impact angles. In general, brittle coating material undergoes rapid erosion 
at higher angle than at smaller angle of impact and ductile coating material shows rapid erosion 
at lower angle than higher angle of impact (Tu et al., 1997). From the above reference, it can be 
reported that CoCrAlY/Al2O3/YSZ coating follows ductile erosion mechanism. Coating shows less 
erosion volume loss compared to plasma sprayed NiCrSiB/Al2O3 (Dallaire et al., 2001; Ramesh 
et al., 2010) which has same harphase Al2O3. Figure 5 (a, b) shows the cumulative erosion loss 
in each cycle of 10 minutes; it was observed that steady state erosion took place in last 3 cycles 
as compared to the first 2 cycles. At 90º of impact angle, the coating on both substrates follows 
the same sequence, which has less erosion in the initial cycle and reaches steady state during the 
last 3 cycles. However, the reverse pattern of erosion, followed 30º of impact angle which has 
higher value of erosion at initial cycle and attained steady state during the last cycles.

Figure 4. Bar chart illustrating volumetric erosion rate at 90º and 30º of impact angles.
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(a)

(b)
Figure 5. The cumulative variation of the erosion rate with the cumulative weight of the erodent for 
uncoated and CoCrAlY/Al2O3/YSZ at 90° (a) and 30°; (b) of impact angles.

Erosion Mechanism

Plasma sprayed CoCrAlY/Al2O3/YSZ coating on both MDN 321 and Superni 76 substrates 
follows a similar erosion mechanism in both 90º and 30º of impact angle. The surface 
morphology of CoCrAlY/Al2O3/YSZ coating at 90º impact angle is shown in Figure 6, 
which reveals the presence of impact craters, indentation, raised lips and micro cuttings. The 
indentation on the surface followed by raised lips (Figure 6(a) and (b)), which in turn are 
plastically deformed from the surface, due to high strain produced by the repeated impacts of 
erodent particle. Erodent particles, which stick on the surface of coating, can be seen in Figure 
6(a). In the feather region, the removal of splats, which forms slightly bigger craters, can be 
seen. The marked region in 6(b) and 6(d) shows the initial stage of splat removal which loosens 
the splat boundary by the repeated impact attributed to ductile erosion.
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Figure 6. The surface morphology of coating on MDN 321 (a, b) and Superni 76 (c, d) showing erosion 
on both centre and feather region with impact angle of 90º.

The surface morphology of coating eroded at 30º of impact angle is shown in Figure 7. 
The presence of grooves and lips represents the material by cutting and ploughing mechanism 
(Figure 7(c) and 7(d)). Larger groves are formed on the softer Co-rich region and these grooves 
are formed by microcutting mechanism. The higher tangential force acts on the hard phases 
during lower impact angle results in bigger craters, indicating the material removal by chipping 
mechanism. The number of lips (Figures 7(a) and 7(c)) was observed on the surface, which 
shows erosion is done by ploughing mechanism.

Figure 7. The surface morphology of coating on MDN 321 (a, b) and Superni 76 (c, d) showing erosion 
on both centre and feather region with impact angle of 30º.
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