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ABSTRACT Multiwalled carbon nanotube (CNT) reinforced aloom nanocomposite
was prepared using cold kinetic spraying. Sprayingrywas used to obtain a good
dispersion of the nanotubes in micron sized gamiatd Al-Si eutectic powders. Cold
spraying of the spraydried powders did not resultormation of coating. Hence, spray
dried powders containing 5wt% CNT were mixed witlunsinum silicon alloy and
sprayed onto AA6061 substrate. It was difficultft@m coatings in excess of 1GM
which was attributed to the presence of spray dryimder between the splats and the
poor deposition efficiency of Al-Si powders. Finathe spraydried powders were mixed
with pure aluminum powder and cold sprayed. Thioktings of the order of 50@n
could be sprayed having an overall CNT compositib0.5wt% and 1wt%. SEM of the
fracture surface showed uniform distribution of obes. The nanotubes were found to
be shorter than the ones in the spray dried powder some of them seemed to be
embedded in the aluminum matrix. HRTEM showed nalpetdamage occurring by
shearing. Cold spraying was performed in the ScladoMechanical, Materials and
Manufacturing Engineering at the University of Nimgham, United KingdonmiThe IREE
program led to the formation of excellent ties fisiure research with our collaborator at
the University of Nottingham. Visiting Nottinghanné talking to students was an
enriching experience for the student researchégrims of using facilities. The visit was
also informative about the culture and historialitage of the place.

INTRODUCTION

This IREE proposal was awarded to the Florida hd@gonal University (FIU), Miami to
supplementthe currently fundedCAREER: Near Net Shape Consolidation of Bulk
Nanocomposites by Plasma Spray Forming (DMI# 058y17for international
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collaboration with Prof. Graham McCartney in thén&al of Mechanical, Materials and
Manufacturing Engineering at tténiversity of Nottingham, United Kingdom.

The scientific objective of the research was to eligy “Cold Kinetic Spraying”
technique for consolidation of multi-walled carbamanotube (CNT) aluminum
nanocomposite coatingsCold kinetic spraying is dcomplementary” technique to
plasma spraying (being investigated in the CARERRrd). Cold Kinetic Spray (also
referred Cold Spray) is a relatively new technidloat has been introduced to produce
dense, and pure coatings and freeform. Unlikerdtre¥mal spray techniques, there is no
melting of particles which is why it is called cadgraying. Cold sprayed deposits have
many advantages, such as near theoretical dengityphase changes, and no grain
growth. Due to high temperature (10000-15000K) iasma spraying, there is a
possibility of CNT getting chemically and structilyadamaged affecting their
distribution in Al matrix. Cold Spray involves lotemperature (300-56G) and high
velocity (~1000 m/sec) suggesting no thermal damlage merely velocity assisted
distribution. This research will lead to three [@)rnal papers in the next few months. It
has resulted in a fundamental understanding of @éformation mechanism under
severe impact. In addition, it has assisted igifg close relations with the researchers
at the University of Nottingham for future collalations on NSF/EPSRC projects.

PI1 collaborated with Prof. Graham McCartney whalkethe “Spray Deposition Research
Group” in the School of M3 at the University of Mogham. The Spray Deposition
Research Group comprises three faculty membersposedoctoral researcher, 8 PhD
students, number of technical support staff andegrpental facilities The School of
Mechanical, Materials and Manufacturing Engineer{&ghool of M3) is one of the
leading research schools in UK with an annual meseaxpenditure of £5.3M. The
University of Nottingham has been rated amongst3JKOP TEN schools of engineering
and within the TOP FIVE universities in terms oftlamount of research funding
generated from the private sector. Hence, Uniyers Nottingham was uniquely
placed to participate in International Research &ddication in Engineering (IREE)
program. The key research facilities at UniversifyNottingham related to this IREE
program are listed below.

Cold Spray system: (First in the UK) under EPSR&ngr

DPV-2000 and Laser-based PIV system for spraygariagnostic system
Microstructural and Mechanical characterizationipoent (optical microscopy, X-
ray diffraction, SEM, TEM, and FTIR spectroscopy).

Bakshi S. Rao (PhD Student at FIU) conducted rebeatrthe University of Nottingham
during June 15-Sept 10, 2007. Arvind Agarwal (PIIREE) visited University of
Nottingham during July 24-August 6, 2007 to cooatn and supervise the IREE
activities and establish future research collatonat

RESEARCH ACTIVITIES AND ACCOMPLISHMENTS OF THE
INTERNATIONAL COOPERATION

Cold spray (IREE) and Plasma spray (CAREER) tealescare from theame family of
thermal spray but with extreme ranges of temperature and particle velocity.



Temperature and velocity are two most importantcessing parameters for the
consolidation of nanocomposite coatings as it @dnthe degree of melting and
deformation. Hence, IREE and CAREER studies ingast the effects of two extreme
conditions of temperature and velocity on densiBNT distribution, CNT/matrix

interface, and mechanical properties.

Unlike plasma spraying, there is no heat involvethe process and a high velocity gas is
used to accelerate powder particles which are naddrike on a substrate where they
deform on impact and deposit as a coating. The spidying facility was built in-house
at The School of Mechanical, Materials and Manufang Engineering at University of
Nottingham in United Kingdom. The schematic of twdd spraying apparatus is shown
in Fig. 1. It consists of arrangement for supplyH&lium and Nitrogen gas at very high
pressure. Helium was used a process gas gndsNarrier gas for the powders. The
Pressure difference for,Nvas kept at 30 bars while the pressure differdacéie was
29bars. This was done so that the powders coulihjbeted into the process gas. The
following powders were sprayed onto AA6061 allopsate:

Al-11.6wWt% Si eutectic powder (Al-Si)

Pure Aluminum powder (Al)

Spray dried Al-Si eutectic alloy powders containbwgt% CNT (SD AI-5CNT)
Al-Si mixed with 10wt% SD AI-5CNT (Al-Si 0.5CNT)

Al mixed with 10wt% and 20wt% SD AI-5CNT (Al-0.5CN@and AI-1CNT
respectively)

aohrONE
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Fig. 1 Schematic of the cold spraying Fig. 3 Optical micropgraph of AI-1ICNT
equipment used coating

Some of the preliminary conclusions of the IREEcegsh are as follows:

1. AI-Si and Al powders formed a nice coating on csffaying. The thickness of
Al-Si coating was around 4@@n while that of the A coating was 12@@. This
shows that the deposition efficiency of Al is higltlegan Al-Si.

2. It was difficult to form coatings with Al-Si 0.5 % CNT powder. Thickness
above 106m could not be sprayed. This is because of thetfed the binder
used in spraydrying was creating problems in ipletsadhesion.

3. Al-0.5 wt% CNT and Al-1 wt% CNT coatings could bgrayed successfully as
shown in Fig. 2. CNTs are retained as seen in tB& 3nicrograph of the



fracture surface (Fig 3). Also it is seen that CNiFe distributed uniformly in
the matrix.
4. HRTEM showed some nanotubes to be damaged duepactnand shearing

(Fig. 4).

10 nm
—

Fig. 4 SEM micrograph of the fracture Fig. 5 TEM micrograph of a Carbon
surface of AI-1CNT coating showing nanotube showing neck formation
uniform distruibution of CNT

Intellectual Merit: IREE research has provided ghsiinto fundamental understanding of
carbon nanotube deformation mechanism under sdwgract conditions. Two key
scientific outcomes and phenomenon are listed helow

Velocity assisted distribution and dispersion of K&Nn the matrix.

Adherence of CNT to severely plastically deformedtnn and interface

properties.

BROADER |MPACTS OF THE INTERNATIONAL TRAVEL

IREE research bolstered the education and res¢@aicing by providing “international”
exposure to the participating graduate student. Wheversity of Nottingham has a
student community of around 26,000 students fromr &80 countries — a stimulating
diversity which adds to the enjoyment of studeff.li Since FIU also has similar
demographics, it was easier for the participatingd Pstudent to adjust to the new
environment in UK and share his US experiences Wit colleagues. In addition,
student interacted with some of the leading intiéonal researchers in the area of
thermal (cold and plasma) spray to understand thieeit research trends in United
Kingdom.

Pl plans to integrate “cold spraying” module frohe tUniversity of Nottingham in his
teaching at FIU. A presentation to graduate stuid@mntthe Mechanical and Materials
Engineering department at FIU has already been nadetroduce cold spraying of
nanoparticles.  Laboratory demonstration of coldagpprocessing technique at
University of Nottingham will be linked to PI's wsibe using multimedia approach.



The supplemental IREE award has assisted Pl inlaleng new research ideas and
collaborations. It is known that thermal spray um#s two prime processing parameters
viz. temperature (thermal energy) and velocity €kin energy). The facilities at FIU
(Plasma Spray) and University of Nottingham (Copday and High Velocity Oxy Fuel)
arecomplementary in nature These facilities encompass the entire rasfdeey thermal
spray techniques to researchers at BOTH univessitignvestigate novel materials and
manufacturing techniques for broader range of apptins. Pl and Prof. McCartney
(PI's collaborator at the University of Nottingharmas developed a proposal idea to
synthesize “nanocrystalline and amorphous coatirfigs'large scale applications using
the suite of thermal spray processes availableto. bPl has discussed the proposal idea
with program officers at NSF under Materials WoNétwork (MWN) for cooperative
activity in materials research between US investiga(NSF) and their European
counterpartdEPSRC) It has been advised that proposed researchisdmare suitable
for Engineering Division of NSF. However, NSF's @mggring division does not have a
structured program like MWN for international cdltaation. Presently Pl and Prof.
McCartney are discussing with NSF's Engineeringi§don and EPSRC respectively, to
establish a mechanism for future research propatsaiternational level. It is expected
that Prof. McCartney will visit Pl at FIU in the mier of 2007.

Pl is a permanent resident whereas IREE PhD rdsgars an international student in
USA on F-1 visa. Communication was not a barrierEaglish was the language of
communication. It was an enriching experiencebfmth participants to learn the research
and technological trends in UK. The research anidu@ environment in UK has
similarities as well as differences as comparedth WiSA. The research at the University
of Nottingham is highly application oriented andtwiot of support from the industry.
There is good degree of Institutional/State suppmrtaculty which is reducing in US
Universities that rely more and more on externatiii For a PhD student in UK, there is
more emphasis on research and experiments as cedngar coursework in US
universities. IREE experience was culturally beriafi as well. Pl and student
participant visited learnt more about Nottingharity(of legendary Robinhood and the
castle), visited cathedrals which were more thaf01@ear old and watched cricket
matches at Trentbridge stadium.

DISCUSSION AND SUMMARY

The most significant accomplishments of the intéomal research experience could
be summarized as following:

1. This is the first study every conducted to synthestarbon nanotubes
reinforced coatings using cold spraying processrelifRinary results
indicate excellent dispersion of CNTs in the alummn matrix. New
deformation mechanism of CNT under high impact @@k is being
proposed. This research will lead to a new topic discussion among
researchers on “severe plastic deformation of CNTs”

2. Active research collaboration has been establitietdeen the researchers
at the University of Nottingham, UK and the Floridaternational
University, USA. This collaboration is actively nsuing future research



programs on nanocrystalline and amorphous coatiiogslarge scale
applications with NSF and EPSRC.

3. Student researcher has benefited significantly fzasl acquired invaluable
life skills i.e. greater confidence, independene social interaction.

IREE program is a very successful program. It @mmmended that IREE program
shall be continued in the future as it bridgesgap among international researchers.
Following recommendations are made for “Best Pcasti in future operation of the
IREE Program:

1. IREE program should be kept open to all studenttigi@ants enrolled in
US universities as it was in the first year.

2. Engineering division at NSF should develop a welictured program like
Materials World Network (also at NSF) to fosterlabbration between US
and International researchers. It will automaljcaprovide IREE
researchers a mechanism to extend the collaborati@nlong term basis.
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