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SESSION P1: MECHANICAL AND TRIBOLOGICAL
PROPERTIES OF NANOSTRUCTURES
Chairs: Stan Veprek and Wen Jin Meng
Monday Morning, November 26, 2001
Room 311 (Hynes)

8:30 AM *P1.1

NANO- AND MICRO-SCALE CONTACT AT SURFACES:
EXPERIMENT, SIMULATION AND APPLICATIONS.
Subra Suresh, Massachusetts Institute of Technology, Dept of
Materials Science and Engineering, Cambridge, MA.

This presentation will provide an overview of recent work on nano-
and micro-scale contact at surfaces, with applications in
nanotribology, micro- and nanoelectromechanical systems,
nanoindentation and atomic force microscopy. First, experimental
simulations of atomic level contact, along with detailed continuum as
well as crystalline inelasticity and molecular dynamics computations,
will be described for the purpose of establishing the validity of
different scales of modeling tribological contact at surfaces. Particular
attention will be directed at elucidating the effects of atomic and
microscopic roughness of surfaces on the nucleation of defects at
surfaces during contact. Specific experimental data will be presented
to highlight micro- and nano-scale contact at surfaces in thin films
and coatings. Next, a series of systematic experiments will be
described to illustrate the possibility of damage and crack suppression
at surfaces during normal and sliding contact by recourse to
continuous or step-wise gradients in composition and microstructure.
The presentation will conclude with a summary of key issues
pertaining to engineering of surfaces to resist tribological damage and
failure in a variety of structural and functional applications.

9:00 AM P1.2

HOW CAN WE UNDERSTAND THE UNUSUAL MECHANICAL
PROPERTIES OF THE SUPERHARD NANOCOMPOSITE
COATINGS? Ali S. Argon, Department of Mechanical Engineering,
Massachusetts Institute of Technology, Cambridge, MS; Stan Veprek,
Institute for Chemistry of Inorganic Materials, Technical University
Munich, Garching, Munich, GERMANY.

The superhard nanocomposite coatings prepared according to the
generic design principle [1] which results in a self-organization of a
stable nanostructure show an unusual combination of mechanical
properties, such as high hardness of 40 to >100 GPa, high elastic
modulus measured by the load-depth sensing indentation technique,
high elastic recovery up to 94% and high resistance against crack
formation even under a strain of >10%. In contrast, conventionalhard
materials are brittle and undergo fracture at a strain of the order of
0.1%. We shall show that the unusual properties of the superhard
nanocomposites can be understood in a logical way by scaling the
fracture physics and mechanics to the crystallite size of 3-5 nm. In
such nanocomposites which have a strong interface between the
nanocrystals, the stress concentration factor is estimated to be of
about 2-4, i.e. orders of magnitude smaller than in conventional
microcrystalline materials. The high elastic recovery and high elastic
energy stored in the nanocomposite coatings under the indentation
can be explained by reversible flexing. The surprisingly high
resistance against crack formation is due to the high stress needed for
the initiation and propagation of nanocracks. It is not necessary to
evoke any enhancement of the fracture toughness for which there is no
rational physical justification. The very high values of elastic modulus
are probably due to a high pressure under the indenter. [1] S. Veprek
and S. Reiprich, Thin Solid Films 268 (1996) 64.

9:15 AM P1.3

MECHANICAL AND TRIBOLOGICAL PROPERTIES OF
CERAMIC NANOCOMPOSITE COATINGS. B. Feng, D.M. Cao,
W.J. Meng, Mechanical Engineering Department, Louisiana State
University, Baton Rouge, LA; L.E. Rehn, P.M. Baldo, Materials
Science Division, Argonne National Laboratory, Argonne, IL.

Ceramic nanocomposite coatings have been intensely researched in
recent years. In selected coating systems, such as metal-containing
amorphous hydrocarbon (Me-C:H) and metal-containing amorphous
silicon nitride (Me-Si:N), elastic modulus and hardness values
exceeding the linear rule of mixtures have been reported. We report
recent experiments on these coating systems aimed at probing the
existence or absence of these mechanical property enhancements.
Coating tribological characteristics will also be reported.

9:30 AM P1.4

DETERMINING THE LIMIT OF HARDNESS IN TERNARY
CARBIDE THIN FILMS. James E. Krzanowski, Jose L. Endrino,
Sirma H. Koutzaki, Mechanical Engineering Dept., University of New
Hampshire, Durham, NH.

The ultimate strength level of hard coating materials is a subject of

considerable scientific interest as well as commercial importance.
While traditional hard coating materials, such as nitrides, borides,
and carbides, have inherently high hardness, significantly higher
hardness levels, even exceeding that of diamond, have been reported
in microstructurally modified nitride thin films. However, others
report maximum hardness levels only in the range of 40-50 GPa
despite the presence of nano-scale grain structures or multilayers. In
the present study, we have examined hardness levels in a number of
ternary carbide systems, such as Ti-Si-C, Ti-W-C, Ti-Mo-C and
Ti-Hf-C. We have attempted to manipulate the microstructure via the
extent of alloying, as well as by controlling deposition parameters
such as temperature and substrate bias. In all cases, we have only
obtained maximum hardness levels of about 40 GPa, despite obtaining
nano-scale microstructures in numerous coatings. The effect of
substrate bias was to first increase hardness, reaching a maximum of
about 40 GPa, but with further increases in bias the hardness declined
due to a high defect content and amorphization of the structure.
While the substrate bias level at which the hardness maximum was
achieved depended on alloy content, the maximum hardness did not.
Both transmission electron microscopy (TEM) studies of micro-
structure and measurements of residual stresses in these coatings have
been applied to help understand the effect of microstructure, film
density and residual stress on the measured hardness.

9:45 AM P1.5

NANO INDENTATION STUDIES OF TiN/ TiN/(Ti,Al)N
MULTILAYERS COMBINED WITH CROSS-SECTIONAL
ELECTRON MICROSCOPY OBSERVATIONS. N.J.M. Carvalho,
J.Th.M. De Hosson, Department of Applied Physics, Materials
Science Center and Netherlands Institute of Metals Research,
University of Groningen, Groningen, THE NETHERLANDS.

This investigation is aimed at examining the mechanical performance
and mechanism of delamination of multi-layer systems by
nano-indentation and cross-sectional electron microscopy. Both
titanium nitride (TiN) and titanium nitride/titanium-aluminum
nitride (TiN/(Ti,Al)N) multilayers deposited by physical vapor
deposition onto steel substrates were subjected to ultra-low load
indentations. The homogeneous coating was deposited using a triode
evaporation ion plating process, whereas the multilayers were
deposited using a reactive hybrid deposition process consisting of a
combination of electron beam evaporation of Ti and d.c. magnetron
sputtering of Ti-Al alloy. The mechanical properties e.g. hardness
and effective Young’s modulus - were measured by nano-indentation
tests using the continuous stiffness techniques. The information from
load-displacement curves were critically analyzed and the cracking
mechanisms were characterized using a new technique for cross-
sectional electron microscopy of the nano-indentations. The
information retrieved with this technique eliminates problems
inherent in assessing, at this small contact scales, whether
delamination of the coating occurs along the substrate or by
interfacial failure inside the multilayer.

10:30 AM *P1.6

INSTABILITIES AND FAILURE PHENOMENA IN COMPRESSED
THIN FILMS. Anthony Evans, Princeton University, Princeton
Materials Institute, Princeton, NJ.

Compressed thin films are inherently unsatable against out-of-plane
displacements, which reduce the stresss and the associated energy
density. The specific response is governed by the properties of the
adjoining materials, the magnitude of the stress and the film
thickness. The presence of imperfections and their morphology are
also crucial. Two categories of response are presented. The first
consists of diamond like carbon (DLC) films on a range of different
substrates, which fail by buckle delamination. One example in this
category comprises DLC on steel substreates wirh a Cr adhesion layer
useed for enhancing the fatigue life of gears and bearings. Another
refers to DLC on glass substrates used for optical purposes. The
second category relates to thermally grown oxides (TGO). The
example chosen relates to an alumina TGO that forms on a Ni(Al)
alloy within a thermal barrier systems used in gas turbines. In this
case, the film has materials on both sides: a superalloy on one side
and a stablized ziconia thermal barrier on the other. Failure occurs
through a displacement instability that vectors into the alloy, as the
system thermally cycles, resulting in delamination of the ziconia.The
failure mechanisms and discussed, emphasising their dependence on
the properties of the constituents and the interfaces and the essentila
role of imperfections. Simulations are presented that animate the
basic concepts.

11:00 AM P1.7

MECHANICAL CHARACTERIZATION OF FUNCTIONALLY
GRADED MATERIALS WITH A YIELD STRENGTH GRADIENT.
Ali Nayebi, Gérard Mauvoisin, Olivier Bartier, Rochdi El Abdi,
Rennes 1 University, Larmaur, Rennes, FRANCE.
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An elastic-plastic spherical micro-indentation study of functionally
graded materials (FGMs) with gradient in yield strength, such as
steels having undergone thermal hardening (nitriding), is made by
experimental and finite element methods. Indentation simulations are
done with diameter sphere of 1.5875 mm. Various surface-substrate
yield stress ration 8 (1< 8 <6) and strain hardening exponent n
(0.0< n< 0.3) of studied materials are considered in modeling. The
thin film thicknesses vary from 50 to 300 um.

The analysis of the normalized mean contact pressure by the
representative equivalent flow stress corresponding to Tabor plastic
strain, as a function of a dimensionless strain parameter for graded
materials, shows that the mean contact pressure presents the same
tendency as that of equivalent homogenous materials. For the fully
plastic case, the maximum mean contact pressure approaches 2.8
times of equivalent stress which is in good agreement with the
empirical value for homogenous materials. Then, a simple model for
the average plastic zone radius evolution of FGMs during spherical
indentation is given. Plastic zone radius evolutions of FGMs during
spherical indentation is given. Plastic zone radius evolutions of FGMs
and of equivalent homogenous materials are very similar, which
confirms the definition of equivalent yield stress for FGMs.

Based on finite element results, a functional equation is developed to
predict the hardness variation as a function of indentation depth,
which depends on mechanical and geometrical properties of studied
materials. Lastly, a theory based on effective hardness evolution is
proposed to determine the yield stress evolution and hardness profile
for materials with a decreasing yield stress with depth.

Results for carbo-nitriding steels obtained by the standard Vikers
micro hardness techniques are compared with those obtained by the
proposed method.

11:15 AM P1.8

DIFFERENT MECHANISMS OF ACHIEVING SUPEHARDNESS
IN COATINGS: STABLE NANOCOMPOSITES VS. HIGH
COMPRESSIVE BIAXIAL STRESS. S. Veprek, P. Karvankova, J.
Prochazka, H. Mannling, Institute for Chemistry of Inorganic
Materials, Technical University Munich, Garching, GERMANY; M.
Jilek, SHM Ltd., Novy Malin, CZECH REPUBLIC.

A strong enhancement of the hardness above 40 GPa in coatings can
be achieved by the formation of a stable nanocomposite or by large
biaxial compressive stress of >5 GPa. The latter can be an artefact of
the load-depth sensing technique caused by pile-up in ductile
materials. A hardness of 70-100 GPa was reported e.g. for HfB, [1],
TiN, (TiAlV)N [2] when the stress achieved 5-7 GPa (bulk hardness
16-25 GPa). We have compared, for a number of different
nanocomposites which did not show pile-up and had either a high or
low (<1Gpa) stress, the hardness values from the load-depth sensing
technique with Vickers hardness calculated from the projected area of
the plastic deformation and found a good agreement. Thus, the only
reliable way how to distinguish between these different mechanisms of
hardening is isochronal annealing. Superhard, stable nanocomposites
(nc-TiN/a-SisNy, nc-(TiAl)N/a-SisNy and others) retain their
room-T hardness after annealing to 1000-1100°C. In contrast,
coatings of CrN/Ni and ZrN/Ni [3] show a strong decrease of the
hardness to the bulk values already after annealing to 400-500°C due
to the relaxation of the compressive stress, in agreement with the
behavior of ordinary hard coatings [1]. This shows that the
superhardness of stable nanocomposites originates from their
nanostructure whereas that of CrN/Ni, ZrN/Ni and similar [3] is due
to the high compressive stress. No contribution to the enhancement of
the hardness due to “nanocomposite effect” in these coatings could be
identified. [1] W. Herr, E. Broszeit, Surf. Coat. Technol. 97 (1997) 335
[2] J. Musil et al., Thin Solid Films 167 (1988) 107 [3] J. Musil, Surf.
Coat. Technol. 125 (2000) 322

11:30 AM *P1.9

MECHANISMS OF PLASTIC DEFORMATION IN NANO-
STRUCTURED CERAMIC THIN FILM MATERIALS.

Lars Hultman, Thin Film Physics Division, Department of Physics,
IFM, Linkoping University, SWEDEN.

Nanostructured ceramic thin films are attractive in that they can
exhibit high mechanical strength. The materials comprise
nanolaminates - s.c. superlattices - and nanocomposites of, e.g.,
amorphous and nanocrystalline phases. Hardness enhancements in
such materials can exceed 300% of the bulk phases. The detailed
mechanisms of plastic deformation and fracture are poorly
understood, however, interactions of dislocations between the phases,
block-slip, grain rotation, and fracture are identified as
strength-limiting factors. Nanoindentation in combination with
atomic force microscopy and electron microscopy provides important
information on dislocation generation and glide as well as fracture
mechanisms. Examples are given from nitride superlattice films
(TiN/NbN) that stay relatively intact during mechanical deformation,
whereas TiN itself exhibit persistent slip bands [1]. Glide within layers
of these superlattices is the dominating deformation mechanism in

support of present models for superhardening. The corresponding
theory presumes dislocation plasticity with dislocation hindering at
interfaces between phases with different shear modulus. A study of
oxide superlattices Y2O3/ZrO2, however, revealed no significant
hardness enhancement compared to rule-of mixture, possibly due to
micro fracture. Both of the above phenomena are present for
multilayers composed of hard and soft materials. For example, in
TiN/Cu superlattice films, hardness is limited by fracture in the
high-elastic modulus ceramic layers because of poor load-bearing
properties of the low-modulus metal layers. It is concluded that future
design of nanostructured materials requires reliable data for elastic
constants of the constituents as well as an understanding of the role of
intrinsic residual stress. Finally, this presentation will discuss the
mechanical behavior for the class of nanocomposites, e.g., Si3N4-TiN,
however, the observations on the nanometer level of deformation
phenomena becomes progressively cumbersome with the increased
dimensionality of the system. [1] L. Hultman, Z. Metallk. 90 (1999)
803. [2] P. Yashar, S.A. Barnett, L. Hultman, W.D. Sproul, J. Mater.
Res. 14 (1999) 3614.

SESSION P2: MACRO-, MICRO-, AND NANO-
TRIBOLOLOGY 1
Chairs: Yang Tse Cheng and James B. Adams
Monday Afternoon, November 26, 2001
Room 311 (Hynes)

1:30 PM *P2.1

RESEARCH CHALLENGES AND OPPORTUNITIES IN SURFACE
ENGINEERING AT THE NANO-SCALE. Jorn Larsen-Basse,
National Science Foundation, Surface Engineering and Materials
Design Program, Arlington, VA.

Developments in the many different aspects of surface engineering
have been very rapid during the past decade. As a result the surface
of an object is moving towards having a clearly defined functional role
rather than as just being the border with the outside. This new
two-dimensional world has been proclaimed a part of
“neo-technology” which fits over the old, three-dimensional world of
“paleo-technology” , becoming its skin. Much research is in progress in
this area but much more is needed to take advantage of its promises.
In this brief overview I present a personal view of some of the current
research opportunities and needs and I try to extrapolate to some of
the exciting research challenges of the near future in this dynamic
field. Topics vary from the somewhat mundane development of design
data, metrology and testing techniques, standards and process
control, to advanced modeling, development of multi-layered and
multi-structured coating systems with nano-scale features and
sculpting, low-friction MEMS surfaces, and superhard coatings, and
even further on to smart or intelligent surfaces, self-healing coatings,
etc. Further into the future we may see even more exciting
developments if, as expected, there will be a scramble for whole new
ways of dealing with and manipulating information as well as to
incorporate nanostructures into surface layers and MEMS and
microfluidic devices into coatings. Finally, in order for the currently
evolving nano-technology to become reality there will need to be
many advances made in materials and surface engineering and some of
those are outlined as well.

2:00 PM P2.2

MD SIMULATIONS OF HIGH SPEED NANOINDENTATION AND
PLOWING ON Al SURFACE. Hualiang Yu, Arizona State Univ,
Science and Engineering of Materials Program, Tempe, AZ;

James Adams, Arizona State Univ, Dept of chemical and Materials
Engineering, Tempe, AZ; Yang-Tse Cheng, Louis Hector Jr. General
Motor R&D Center, Warren, MI.

Recently, molecular dynamics simulations are used to study the micro
properties of materials surface. A series of molecular dynamics
simulations has been performed in order to study the nanoindentation
and plowing of a hard tip into an Al (100) surface. Different
geometries of indenters were used in the simulations. The effects of
many other process variables are investigated, including temperature,
tip-substrate bonding, indentation force, and plowing speed. We also
studied the alloy effects of the substrate. The indentation loading and
unloading curves and plowing curves are generated. Also, we discuss
the hardness of materials and the nucleation and propagation of
dislocation during the indentation and plowing.

2:15 PM P2.3

FRICTION ANISOTROPY AT Ni(100)/(100) INTERFACE. Yue Qi,
Tahir Cagin, William A. Goddard III, Material & Processing
Simulation Center, Caltech, Pasadena, CA; Yang-Tse Cheng, GM
R&D Center, Warren, MI.

Analytic theories indicated that there is no static friction on clean
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incommensurate interfaces, while a recent experiment revealed that
the static friction coefficient was anisotropic with respect to the
lattice orientation, but did not vanish on two clean Ni(100)
mis-orientated surfaces. To understand this friction anisotropy and
the difference between theory and experiment, we carried out a series
of Non Equilibrium Molecular Dynamics (NEMD) simulations for
sliding of Ni(100)/Ni(100) interfaces under a constant force. We found
that the clean, flat, and incommensurate interface indeed has a very
small static friction coefficient. However, surface roughness can
increase the static friction on the incommensurate interfaces
dramatically and increase the friction on the commensurate interfaces
to a lesser extend. Thus, the rough surfaces show similar anisotropy
behavior as experimental results. The effects from temperature,
roughness, disordering and defects on interface are discussed as well.

2:30 PM P2.4

CHANGES IN SURFACE MECHANICAL PROPERTIES
THROUGH ELECTROCHEMICAL MODIFICATIONS.

Martha M. McCann, Sean G. Corcoran, Virginia Tech, Dept Materials
Science and Engineering, Blacksburg, VA.

The mechanical response of materials can be dramatically altered by
the presence of absorbed species on the surface. An electrochemical
environment enables discrete control of the surface, keeping it clean
(as compared to ultra-high vacuum) and inducing stable stress states.
Applying a potential to the surface can lead to charge accumulation,
which changes the surface free energy. Oxides are easily added or
removed. Utilizing the phenomenon of underpotential deposition
(upd), discreet monolayers of metal can be added to a surface. The
degree of lattice mismatch between the metal and its adlayer will also
control the degree of surface stress. The changes in the mechanical
properties of these highly controlled surfaces are measured by in-situ
nanoindentation at various potentials. Nanoindentation of single
crystals with very low dislocation densities allows for careful
observation of dislocation behavior with applied load. This enables
the identification of mechanisms by quantifying the changes in
mechanical properties under specific environments. Au has been
extensively studied in electrochemistry literature; it is well behaved
and well characterized. It is a model system that has demonstrated
variation in mechanical properties in different electrochemical states.
Lessons learned on Gold have also been applied to Zn and Ni systems.

2:45 PM P2.5

KINETIC MONTE CARLO STUDY OF DISLOCATION ETCH
PITS. Daniel Bentz, Kenneth Jackson, University of Arizona, Dept of
Materials Science and Engineering, Tucson, AZ.

Chemical mechanical polishing and stress corrosion cracking result
from chemical attack at stressed regions. To better understand the
mechanisms involved, a kinetic Monte Carlo (kMC) study of the
formation of dislocation etch pits is being pursued. Atoms from a
diamond cubic lattice are irreversibly removed with a probability
which depends on an atom’s number of nearest neighbors as well the
local stress developed from its physical location with respect to the
dislocation in the lattice. In accordance with experimental
observations, both faceted and non-faceted dislocation etch-pits have
been observed. Simulations have been performed for various values of
the strength to the etchant attack and the magnitude of the stress
generated by the dislocation. By using kMC in conjunction with
molecular dynamics and quantum calculations we are able to increase
the length and time scales of both these methods to make direct
comparisons to experimentally observed phenomena.

3:30 PM *P2.6

DIRECTIONS FOR TRIBOLOGICAL COATING DEVELOPMENT.
Allan Matthews, Adrian Leyland, Research Centre in Surface
Engineering, University of Hull, Hull, UNITED KINGDOM.

With the availability of advanced (mostly plasma-based) coating and
treatment methods, coating process developers can now acheive
surface properties which fully meet the requirements of all kinds of
tribological contacts. This paper discusses how these requirements
differ for different contact types (e.g. sliding, abrasion, impact, etc).
The need to consider the requirements of the substrate and the
coating together is emphasised, and the way in which this influences
the likely direction for the future development of tribological coatings
is discussed. It involves, for example, the development of duplex and
hybrid processes which can provide a more effective load-bearing
support capability beneath and within coatings. Such processes
include the prior plasma-treatment of a substrate, followed by a PVD
coating. It can also involve the development of nanocomposite
coatings which acheive a suitable combination of high hardness (H)
with a relatively low elastic modulus (E), to provide enhanced ability
to absorb impact and deflect with the substrate when under contact
loads. These new developments will include new multilayer coatings
which can also accomodate substrate deformations without cracking
or debonding. Various examples of the above approaches to coating

development are described, together with wear test results and
practical applications.

4:00 PM P2.7

TRIBO-CONTACTS WITH MICRO SLIP IN COATED SOLIDS.
Lanshi Zheng, Seagate, Minneapolis, MN; and S. Ramalingam,
University of Minnesota, Minneapolis, MN.

In a frictional contact, both stick and slip zones exist between two
contacting bodies. It leads to changes in frictional stresses at the
contact interface. A theoretical solution for the frictional contact on a
layered solid involving stick-slip zones is obtained using Chebychev
polynomial. Contact forces and stresses in the film-substrate field are
calculated. Indentation problem involving mixed boundary conditions
is formulated based on the displacement method. Solutions of contact
normal pressure for frictionless contact are first obtained. Solutions of
Fourier series and Chebychev polynomial are evaluated. Cases
involving indentations by a cylinder and flat-ended stamp are
examined.

4:15 PM P2.8

TRIBOLOGICAL AND MECHANICAL CHARACTERIZATION OF
BORON CARBIDE NANO-COMPOSITE COATINGS. Srikant
Nekkanty, Mark Walter, The Ohio State University, Department of
Mechanical Engineering, Columbus, OH; Gary Doll, Case Western
Reserve University, Dept of Chemical Engineering, Cleveland, OH.

Boron carbide (BC) is well known as a bulk ceramic and a coating
material that is important for a wide range of technological
applications. The applicability of boron carbide stems from the fact
that it is a very hard material with high lubricity, high elastic
modulus, low specific gravity, and good chemical stability.
Disadvantages, however, include extreme brittleness and sometimes
poor adhesion. Recently, a reactive sputtering involving boron carbide
targets and hydrocarbon gases has been used to produce novel
nano-composite boron carbide thin films comprised of BC
nano-crystals embedded in a matrix of hydrogenated amorphous
carbon (DLC). The microstructure of these thin films is similar to
that of other metal carbide/DLC nano-composite films. This paper
presents results of the characterization of the mechanical and
tribological properties of boron carbide nano-composite thin films
that have been sputter deposited onto both silicon and 52100 steel
disks. Tribological properties are investigated with pin-on-disk tests
and scratch tests. Mechanical properties are determined by
indentation experiments at meso and nano-scales. Prior to and
following all experiments, microstructural characterization through
electron microscopy, scanning Auger microscopy, and scanning probe
microscopy are performed. Linkages between the processing conditions
and the microstructure are established, and are correlated with the
tribological and mechanical properties. In addition, from the
meso-indentation experiments, information regarding cohesive and
interfacial strengths is inferred. Ultimately, the results of the
characterization will lead to microstructural models that advance the
scientific understanding of boron carbide nano-composite coatings.

4:30 PM P2.9

NANOINDENTATION AND WEAR BEHAVIOR OF
TITANIUM-NICKEL ALLOYS. Wangyang Ni, Michigan State
University, Dept of Materials Science and Mechanics, East Lansing,
MI; Yang-Tse Cheng, General Motors Research and Development
Center, Materials and Process Laboratory, Warren, MI; David S.
Grummon, Michigan State University, Dept of Materials Science and
Mechanics, East Lansing, MI.

The unusual constitutive behavior of NiTi alloys that display shape
memory and transformational superelasticity may impart useful
tribological properties. This paper presents some preliminary results
on nanoindentation and pin-on-disk wear experiments that are
suggestive of tribological applications of NiTi alloys. It is shown that
high levels of spring-back reversibility together with high hardness, as
measured by nanoindentation experiments, correlate with improved
wear resistance in both bulk nitinol and NiTi thin films. Amorphous
thin films of equiatomic NiTi are readily produced by physical vapor
deposition and are found to be especially hard and wear resistant.
Finally, stress induced B2-B19 transformation is shown to occur
during wear-loading of martensitic NiTi, indicating that wear
processes are capable of inducing superelastic effects in B2 NiTi alloys.

4:45 PM P2.10

WETTING AND FRETTING ON QUASICRYSTALS. J.M. Dubois,
P. Brunet, G. Bonhomme, V. Demange and M.C. de Weerd, Ecole des
Mines, Nancy, FRANCE; E. Belin-Ferré LCPMR, Universite P. et M.
Curle, Paris, FRANCE; A. Merstallinger, Austrian Research Centers,
Seibersdorf, AUSTRIA; D.J. Sordelet, M. Besser, Dept of Materials
Science, ISU and Ames Laboratory, Ames, IA; J. Anderegg, C. Jenks,
V. Fournée, P.A. Thiel, Dept of Chemistry, ISU and Ames
Laboratory, Ames, TA.
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Wetting and fretting are two essential surface properties that to a
large extent -and as yet for quasicrystals - embody their technological
potential when employed in the form of coatings. By quasicrystals,
one considers here the whole family of complex intermetallics based
on aluminum, which comprises true quasicrystals, their approximants
and some crystalline materials of related composition. Experimentally,
wetting of these surfaces by water is largely reduced in comparison to
conventional metal surfaces. A clear correlation is observed between
the reversible adhesion energy of water on the one hand and the
density of states at the Fermi energy on the other. Such surfaces are
necessarily oxidized and it turns out from results of our new
experiments that the oxide layer plays an essential role in explaining
the observed behavior. Our conclusions go beyond the unique wetting
behavior of quasicrystals and challenge the admitted theory of wetting
on metals. Similarly, friction and fretting are reduced on
quasicrystals, with a sharp minimum observed at the position of the
genuine quasicrystal in the phase diagram. In high vacuum, the
characteristic values measured in contact with diamond or tungsten
carbide riders are smaller than in ambient atmosphere, thus indicating
that the oxide layer is involved to some extent in determining the
tribological mechanisms. Nevertheless, reduction of friction is far more
important on the true quasicrystal than on its neighboring crystals.
Our data show that the specific crystallographic structure of
quasicrystals is responsible for this effect. Hence, the paper will focus
at a summary of these findings and of their actual technological
relevance. The present work was supported by CNRS-NSF
International Co-operative Program PICS 545.

SESSION P3: INDUSTRIAL APPLICATIONS OF
SURFACE ENGINEERING I
Chairs: Clark VanTine Cooper and Wen Jin Meng
Tuesday Morning, November 27, 2001
Room 311 (Hynes)

8:30 AM *P3.1

CHARACTERIZATION OF ANTIWEAR FILMS USING
MICRO-FOCUS XANES AND IFM. P.R. Norton, Than Do, M.
Nicholls, M. Kasrai, T. Woo, N. Mosey, G.M. Bancroft, Dept of
Chemistry, University of Western Ontario, London, Ontario,
CANADA.

The characterization of anti-wear films for tribological applications is
one of the most challenging problems faced by many industries
including the automotive industry in the development of lightweight
engines to meet more demanding fuel economy and emission
standards. We are carrying out an experimental and theoretical study
of tribology of wear films, covering length scales from nm to many
micrometers. An understanding of wear films requires the use of
modern surface techniques and modelling, and is highly
interdisciplinary in that it also requires the systematic study of a wide
range of mateirals subjected to realistic sliding/wear conditions. In
this presentation, the mechanical properties of the tribo-films, such as
elastic modulus and hardness, are determined by nano- and micro-
indentation using interfacial force microscopy (IFM) and the Hysitron
nanoindenter. The chemical nature (composition and changes) of the
same tribo-films are examined using X-ray absorption near edge
structure (XANES) and XANES spectromicroscopy techniques. In
parallel with these studies, modern modelling techniques are being
applied to determine the origins of the beneficial properties of the
antiwear films. Materials include cast iron, thermal spray and high
silicon aluminum alloys. This presentation will illustrate how the
structure of antiwear films, formed under lubricated conditions
influence the friction properties based on both mechanical and
chemical studies. These data provide new fundamental insights into
the mechanisms of the lubricated wear, which can be used to design
better engineered surfaces for automotive applications.

9:00 AM P3.2

CHEMICAL AND MECHANICAL POLISHING BETWEEN STEEL
AND CARBON-CONTAINING CERAMIC COATINGS.

Stephen J. Harris, Chemistry Dept., Ford Scientific Research Lab,
Dearborn, MI.

Thin ceramic coatings can significantly increase the fatigue lifetime of
bearings and gears, in part by polishing their counterparts, reducing
stresses from asperities. Thus, a coating’s ability to polish or abrade
without damaging the counterpart may determine its usefulness. Yet
there has been little work examining factors which control polishing
by such coatings. We have analyzed the abrasiveness of diamondlike
carbon and boron carbide coatings for this study. We find an
extremely steep dependence of abrasiveness on hardness. We show
that nanometer-scale features on the coating surface are strongly
correlated with abrasiveness, while micron-scale features are not. The
nano-scale-but not the micro-scale—structure on the ceramic coating is
quickly polished by sliding against steel, explaining the drastic

reduction in the abrasiveness of the coating that we observe. It is
remarkable how quickly the nano-scale surface features of a ceramic
coating are altered by steel, which is several times softer than the
coating. We derive quantitative scaling relationships that show how
the time dependence of the abrasion rate varies with important
parameters of sliding wear, and we use these relationships to predict
abrasion kinetics for new experiments. Detailed contact mechanics
modeling has been correlated with AFM images to explain the
evolution of the steel surface in terms of mechanical wear. In contrast,
we show that changes on the surface of the ceramic coating are
chemical in nature. These results have important consequences for the
design of coatings to improve fatigue resistance.

9:15 AM P3.3

BORON NITRIDE PROTECTIVE COATING FOR HIGH
TEMPERATURE APPLICATIONS. Ravi Bathe, R.D. Vispute, Ichiro
Takeuchi, R.P. Sharma, and T. Venkatesan, CSR, Dept of Physics,
Univ of Maryland, College Park, MD.

Protective coatings of ceramic materials are of great interest for high
temperature applications. Boron nitride is an ideal candidate for
protective coating applications for high temperature elements and
components due to its structural and chemical stability at very high
temperatures (> 2000°C), high thermal conductivity, and high
chemical inertness to corrosive gases and oxidizing atmospheres. In
this paper, we report on fabrication, characterization, and processing
of boron nitride films on metallic components of high temperature
wafer heaters. The hexagonal BN films have been fabricated by pulsed
laser deposition and spray techniques. The deposited films were
characterized by x-ray diffraction, FTIR, Rutherford backscattering
spectrometry, scanning electron microscopy, atomic force microscopy,
and electrical resistivity. The as deposited BN films have been found
to be poorly crystalline, however, the films annealed at 900°C have
been found to be polycrystalline. The as-deposited films were annealed
at various temperatures ranging from 500°C to 1200°C in order to
densify the films. Adhesion of the films with the heater components
was also greatly improved for the high temperature annealed samples
due to a good interfacial bonding with the substrate material. The
performance of the BN coating was tested up to a temperature of
1000°C in vacuum, air, oxygen, nitrogen, and argon atmosphere. The
results on the properties of BN films with the emphasis on
microstructural characterization and processing will be presented, and
its implication for high temperature applications will be discussed.
Funding support from Maryland Industry Partnerships (MIPS, Grant
#2-92419) and Blue Wave Semiconductors, Inc. is acknowledged.

9:30 AM P3.4

SLIDING WEAR OF PLASMA TRANSFER WIRE ARC THERMAL
SPRAYED LOW CARBON STEEL COATINGS. T. Perry, Y.-T.
Cheng, General Motors Research and Development Center, Warren,
MI; A. Edrisy, A.T. Alpas, Department of Mechanical, Automotive
and Materials Engineering, University of Windsor, Windsor, Ontario,
CANADA.

Low carbon steel coatings were applied on 319 Al alloy substrates
using a plasma transfer wire arc (PTWA) type thermal spraying
process. A pin on disc type wear tester placed in an environmental
test chamber was used for the wear tests. Tests were performed in an
atmosphere with various humidity levels in the range of 10-99% RH.
It was shown that the wear rates of the coatings were a strong
function of the testing environment in addition to the applied load
and test speed. The wear is dominated by the formation of iron
oxides. The mechanism for the wear process depends on the
composition of the oxides formed; at low sliding velocity the oxides
degrade and dominate the material removal from the surface. At high
velocity more robust oxides are formed that coat the surface and act
as a tribolayer that reduces the wear rate. The addition of moisture to
the test atmosphere alters the ratio of the various iron oxides formed,
strongly favoring Fe2Os3. As the atmospheric humidity increased, a
tribo-polishing process became active, and the wear rates decreased
with increasing humidity. Automotive applications of thermal spayed
coatings will also be discussed.

9:45 AM P3.5

NITRIDING OF TOOL STEELS USING ELECTRON-
BEAM-EXCITED PLASMA DEVICE. Hiroaki Shoyama, Toshihiro
Kobayashi, Hideki Sato, Yoshiki Tsunekawa, Tamio Hara, Toyota
Technological Institute, Nagoya, JAPAN; Petros Abraha, Faculty of
Science and Technology, Meijyo Univ., Nagoya, JAPAN; Kazunari
Taniguchi, Department of Physics, Kyoto Univ. of Education, Kyoto,
JAPAN; Manabu Hamagaki, The Institute of Physical and Chemical
Research (RIKEN), Saitama, JAPAN.

It is well known that atomic nitrogen plays a key role in the synthesis
of nitride films or the nitriding of material surfaces. Glow discharge
plasmas and their outgrowths have been generally applied to the
surface nitriding of structural materials. However, in the conventional
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plasma sources, there are only few electrons with energy enough to
break the molecular bond, because the electron energy distribution is
generally Maxwellian where the electron temperature is several eV.
Therefore, it has been reported that the degree of dissociation of
nitrogen was below the limit of the experimental detection. In contrast
to this, the electron-beam-excited plasma (EBEP) device used in this
experiment has an electron beam energy of 50-150 eV that is selected
to coincide the energy range in which the cross section of nitrogen
dissociation is maximum. At the beam current of 3.4 A and beam
voltage of 140 V| the dissociation of nitrogen was measured to be 0.16
at processing volume of 6 liter. In addition to the high performance of
nitrogen dissociation, EBEP device has an advantage that the
surfaces to be treated need not be applied a voltage for plasma
production. Therefore, it is expected that the applicability to complex
shapes is high. The EBEP was applied to the nitriding of tool steel. It
was investigated the efficiency of nitriding for narrow gap. Two disks,
which were 20 mm in diameter and 2 mm in thickness, were prepared
and piled together with spacer. In a slit between the disks, it was
found that the modified region extended to 5 mm in the radial
direction from the edge when the width of slit was 0.4 mm where the
treatment time was 1.5 hour. This results indicates high potential of
EBEP device for the nitriding of objects that have complex shape.

10:30 AM *P3.6

THE MICROSTRUCTURE AND WEAR BEHAVIOR OF Cr- AND
W-DLC COATINGS SPUTTER-DEPOSITED ONTO AISI 52100
SUBSTRATES AS ELUCIDATED USING FOCUSED-ION-BEAM
SEM. C.V. Cooper, United Technologies Research Center, East
Hartford, CT; R. Wang, A.G. Evans, Princeton University, Princeton,
NJ; HK. Yoon, M.A. Taher, Caterpillar, Inc., Peoria, IL.

Magnetron sputtering has been used to deposit metal-containing,
diamond-like-carbon (Me-DLC) coatings onto substrates composed of
AISI 52100 steel in quenched-and-tempered condition. Coatings of two
distinctly different compositions, one containing W as the metallic
constituent and the second containing Cr, have been deposited in a
plasma containing Ar and CoHj. Interrupted, unidirectional sliding
experiments of the block-on-ring type have been conducted in a
poly-alpha-olefin (PAQ) lubricant at a load of 667 N for discrete
numbers of cycles, N, of between 10 and 1000. Focused-ion-beam,
scanning electron microscopy (FIB/SEM) has been applied to
characterize the morphology of as-deposited and worn Me-DLC
coatings. This technique has resulted in the determination that the
Cr-DLC coating, deposited using the investigated processing
parameters, fractures in a brittle manner through the formation and
propagation of “channel cracks,” which unzip in a direction parallel to
the grinding direction outside of the region of contact. Conversely, the
application of specific processing parameters to deposit W-DLC
produces a coating that wears by gradual recession, consistent with
polishing wear. Distinctive characteristics of the FIB/SEM technique
and its efficacy and value in observing the coating and substrate
subsurface will be highlighted as a means to investigate
coating/substrate interfaces and to establish wear mechanisms.

11:00 AM P3.7

LOW FRICTION W-C:H COATINGS FOR WEAR RESISTANCE IN
ROLLER BEARINGS AND GEAR WHEELS. Thorsten Kacsich,
Metaplas Ionon GmbH, Bergisch Gladbach, GERMANY; Peter
Werner Gold, Jérg Loos, Institute for Machine Elements and Machine
Design, RWTH Aachen, GERMANY.

Life time limiting effects in roller bearings and gear wheel applications
are wear, sizing and fatigue damages like micro pitting. These
mechanisms are related to a number of parameters: lubrication
conditions, surface roughness, and the hardness of the bulk material,
for example. Nowadays, Me-DLC coatings like MAXIT™ w.C:H
offer surface protection under dry, mixed, and hydrodynamic friction
conditions. This allows the increase of load capacities, respectively the
decrease of gearing size. Moreover, the reduction of toxic lubrication
additives can be achieved. The performance of the Me-DLC coatings
in roller bearings was inves F}%?ted on the FES8 test rig under mixed
friction conditions. MAXIT W-C:H was depositied via the PVD
technique of magnetron sputtering onto case hardened steel bulk
material. The deposition temperature was 180°C. The coating
thickness was varied from 1.5 to 6y with respect to optimized wear
resistance. The wear of roll bodies and disks was drastically reduced
by powers of ten as compared to uncoated roller bearings.
Additionally, results on FZG gear wheel tests, as well as examples of
the successful application of MAXITT™ W-C:H in motor power
engineering and hydraulic technique are presented.

11:15 AM P3.8

PITTING FATIGUE IN AUTOMOTIVE PLANETARY GEAR SETS.
Leonid C. Lev, Neil Anderson, Gregory Mordukhovich, GM R&D,
Warren, MI.

Operating conditions in typical automotive planetary gearsets lead to

harsh tribological conditions. Relatively low operating speeds and low
viscosity lubricants limit the formation of protective oil films. As
power density demands increase, these conditions become more severe
and pitting fatigue resistance becomes more important. In this study,
typical gear contacts are characterized with two and three
dimensional surface finish methods. The results are compared to film
thickness predictions made with traditional EHD methods adapted to
helical gear geometry and also with a 3D contact analysis programs to
establish the operating regimes. SEM and digital micrographs are used
to illustrate the condition of the surfaces at several stages of testing.

11:30 AM P3.9

THE EFFECT OF DEPOSITION CONDITIONS ON THE
PROPERTIES OF W-DLC COATINGS. Christian Strondl, Hauzer
Techno Coating, Venlo, THE NETHERLANDS; Ton Hurkmans,
Hauzer Techno Coating, Conover, NC; Ron Dielis, Gerrit Jan van der
Kolk, Hauzer Techno Coating, Venlo, THE NETHERLANDS.

Among the metal containing diamond like carbon coatings (Me-DLC)
the W-DLC is most widely used in practice. The deposition conditions
of these coatings control the film properties and the resulting
mechanical and tribological properties. The coatings are all deposited
at 160 degrees C by unbalanced magnetron sputtering from WC
targets in an argon/acetelyne atmosphere. At this low temperature it
is possible to coat low carbon steel types without changing their
properties. The paper reports on the effect of substrate motion and
strength of magnetic fields on coating properties like hardness and
E-modulus and wear and fatigue resistance.

11:45 AM P3.10

PROCESS-PROPERTY RELATIONSHIPS OF ULTRA-THIN
BORON CARBIDE FILMS. J.D. Kiely, Mei-Ling Wu, Timothy
Klemmer, Yiao-Tee Hsia, Kent Howard, Seagate Research, Pittsburgh,
PA.

Boron carbide (B4C) is the third hardest material at room
temperature. It has wide range of applications on coatings and cutting
tools development. However, there are very limited studies of this
material at ultra-thin regime (less than 10nm thick). In this paper, we
characterize the properties of B4C films with thicknesses less than 10
nm. We focus on nanotribological and mechanical properties of thin
B.C films deposited by magnetron and ionized magnetron sputtering
techniques and compare the performance with those of diamond like
carbon (DLC) films. Using atomic force microscopy (AFM), we have
investigated the surface morphology of B4C thin films deposited on Si
substrates and have found that ultra smooth surfaces of B4C thin
films can be achieved. We find surface RMS roughness as low as 0.13
nm can be attained by applying appropriate substrate bias to enhance
the ion bombardment during film growth. We have evaluated the
mechanical properties using AFM nanoscratch techniques and find
that these films have scratch resistances superior to that of DLC
films. We have surveyed variations in mechanical properties as a
function of deposition parameters, including sputtering pressure, RF
ionized power, and target power, and correlate scratch resistance with
other film properties such as composition and stress. Finally, we
comment on the use of these films as protective overcoats for
hard-disk recording media.

SESSION P4: DEPOSITION, CHARACTERIZATION,
AND PROPERTIES OF FILMS AND COATINGS
Chairs: James E. Krzanowski and Gary L. Doll
Tuesday Afternoon, November 27, 2001
Room 311 (Hynes)

1:30 PM *P4.1

IN-SITU STRESS CLINIC FOR SURFACE ENGINEERS.

Roy Clarke, University of Michigan Applied Physics Program, Darryl
Barlett and Charles Taylor III, k-Space Associates Inc.;, Ann Arbor,
MI.

The applications of thin-film coatings to satisfy a wide variety of
technological needs, from machine tools to magnetic media and
MEMS devices, have expanded enormously in recent years. These
developments are made possible by increasingly powerful thin film
deposition techniques whereby novel electronic, optical and
mechanical properties can be achieved by structuring the coatings at
the nanoscale level. The purpose of this presentation is to emphasize
that the sophistication of methods to characterize these thin films and
coatings, especially during their deposition, must keep pace with the
extreme demands that particular applications place on their
production. In this presentation we will describe in-situ, real-time,
probes of thin film structure, morphology,and stress, showing how the
information gained can be used to improve the quality and
reproducibility of the coating process by closed loop feedback. We will
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focus on optical reflective methods which are very versatile and can
be used in a wide variety of deposition situations. We will also
demonstrate how real-time, in-situ probes have led to useful insights
into the mechanism of thin film growth and stress remediation in
ultrahard coatings such as cubic boron nitride. We also indicate some
future opportunities for in-situ monitoring and control which hold
promise for dramatic improvements in the capabilities and
performance of thin-film coatings.

2:00 PM P4.2

CHARACTERIZATION OF THE DEGRADED MICRO-
STRUCTURES OF A PLATINUM ALUMINIDE COATING.
Hyungjun Kim and Mark Walter, The Ohio State University,
Department of Mechanical Engineering Columbus, OH.

Thermal barrier coatings (TBCs) are typically composed of a ceramic
top coat, a thermally grown oxide, and an aluminide bond coat.
Although bond coats almost universally contain aluminides, their
composition and processing vary greatly. Recently developed models
of TBC failure indicate that bond coat properties have a deterministic
effect on the ultimate TBC failure. Given the need to understand the
rate controlling mechanisms of TBC failure and the desire to design
TBCs as integrated systems, study of the deformation of aluminide
coatings is warranted. This paper concerns itself with an inward
diffusing, unactivated pack cementation platinum aluminide (PtAl)
bond coat system that is studied under isothermal exposure and
thermal cycling up to 1100 degrees C. The highly non-homogeneous
microstructure is presented for the various thermal exposures and the
changes in elemental gradients are given. The PtAl coating is seen to
interact strongly with the substrate. In order to characterize coating
properties, spherical indentation experiments have been undertaken.
Thermally grown oxide is removed after each thermal exposure. The
indentation modulus for isothermally and thermo-cyclically exposed
specimens gradually decreases over time. The modulus of the
cyclically exposed specimen is higher than that of the isothermal
specimen. Numerical simulations of the indentation experiments were
undertaken. The simulations account for the elastic and plastic
material properties of the dominant phases. Simulations are compared
to the experimentally measured force and displacement curves as well
as the residual area of the indent and the pile-up surrounding indent.

2:15 PM P4.3

FUNCTIONALLY GRADED MATERIALS PRODUCED WITH
HIGH POWER LASERS. Jeff Th. De Hosson, Department of Applied
Physics, Netherlands Institute of Metals Research, Univ of Groningen,
Groningen, THE NETHERLANDS.

In this work we explored a new method of producing functionally
graded materials by laser-melt injecting ceramic particles in a metallic
substrate. The laser melt injection (LMI) method is aimed at
producing a metal matrix composite (MMC) layer on top of a
substratel. Unlike laser cladding, the contact between laser beam and
added material in LMI is limited to a level that is just necessary to
form a strong bonding interface between the ceramic particles and the
metallic matrix in the final MMC layer. In this paper the method of
laser melt injection of carbide particles into an Al or Ti-base substrate
is investigated both experimentally and theoretically. An extremely
small operational parameter window was found for successful injection
processing of Sic in Al-alloys. It is shown that the final injection depth
of the particles is mainly controlled by the temperature of the melt
pool rather than by the particle velocity. A theoretical model that
takes into account the wetting behavior and the particle penetration
processes is developed on the base of the observed particle velocity,
the thickness and the area fraction of the oxide skin that partially
covers the surface of heated Al melt pool. The model reveals the role
of the oxide skin in such a way that it is relatively strong at low
temperature and acts as a severe barrier for the injection process. The
mechanical and tribological properties of the coatings are tested and
analysed using the Digital Image Correlation technique. 1 J. Th.M.
De Hosson, in: Intermetallic and Ceramic Coatings, Marcel Dekker,
N.Y., Edited by N.B. Dahotre, T.S. Sudarshan, p. 307-441, 1999.

2:30 PM P4.4

IN-PLANE CRACKING BEHAVIOR OF THERMALLY AGED AND
CYCLED THERMAL BARRIER COATINGS. Zhehua Zhang, Jun
Kameda®, Arne. H. Swanson, Iowa State University, Ames
Laboratory, Ames, TA. “Office of Naval Research International Field
Office, Tokyo, JAPAN; Shigeo Sakurai, Hitachi Ltd., Mechanical
Engineering Research Laboratory, Hitachi, JAPAN; Minoro Sato,
Tohoku Electric Power Co. Ltd., Sendai, JAPAN.

In-plane cracking behavior near and away from the interface of
thermal barrier coatings (TBC) and thermally grown oxides (TGO)
formed while in-service have been recently characterized in terms of
the critical local tensile stress (o*) using a protruded TBC bend
testing technique together with a finite element stress analysis. It was
shown that in-plane TBC cracking near the interface occurred more

easily than that near the TBC midst. Near- and away-from-interfacial
TBC cracking were shown to have opposite effects of the substrate
thickness. The characteristics of in-plane TBC cracking are related to
the formation of TGO and residual stresses induced by thermal
cycling due to the thermal expansion mismatch. In order to examine
how the two factors control in-plane TBC cracking, thermal ageing
and cycling at 950°C in air were carried out in 8% Y03 stabilized
ZrO5, TBC/BC thermally sprayed over a Ni base superalloy substrate.
Thermal ageing, giving rise to layered formation of TGO but no
residual stresses, resulted in a slight increase in o* for the near- and
away-from-interfacial TBC cracking due to the sintering effect. In
addition, in-plane TBC cracks near and away from the interface were
initiated at the same o*, respectively, in both the unaged and
thermally aged specimens tested. These results indicate that the TGO
formation itself does not cause the mechanical degradation of TBC
near the interface. The effect of thermal cycling on the in-plane TBC
cracking is examined to clarify the role of residual stresses in the
in-plane cracking behavior. This study was carried out as Work for
Other program approved by the USDOE, Office of Basic Energy
Sciences, Division of Materials Sciences.

2:45 PM P4.5

AN INVESTIGATION INTO THE COATING/SUBSTRATE BOND
IN THE HIGH VELOCITY PARTICLE CONSOLIDATION
PROCESS. S.C. Johnson, T.J. Eden, and M.F. Amateau, The
Applied Research Laboratory, The Pennsylvania State University,
State College, PA.

High Velocity Particle Consolidation (HVPC, also known as the cold
gas dynamic spray technique) is a relatively new, low temperature,
thermal spray competitive process used for applying wear resistant,
corrosion resistant, and other coatings to a variety of substrates. The
process generally involves using a converging-diverging nozzle to
accelerating a high pressure gas with entrained powder particles to
supersonic velocity and impinging the subsonic velocity powder
particles onto a substrate. The mechanism by which the powder
particles initially bond to the substrate and subsequently bond to
previously deposited powder particles is not well understood. It has
been proposed that the coating/substrate bonding mechanism is
similar to cold welding processes. The bond between coating and
substrate materials has been investigated for three different metallic
materials; Al, Cu, and 316L stainless steel. These materials have been
applied as similar coating/substrate combinations (i.e.; Al on Al) and
as dissimilar coating/substrate combinations (i.e.; Al on 316L
stainless steel). The interface between the as-deposited coating splats
and the substrate has been characterized using optical metallography,
SEM, and SEM-EDS. Results will be presented in an attempt to more
quantitatively explain the mechanical and/or chemical nature of the
bond between the coating and the substrate.

3:30 PM *P4.6

NANOSTRUCTURED THIN FILMS AND COMPOSITES.
Jagdish Narayan, Dept of MS&E, North Carolina State University,
Raleigh, NC.

We review our research on the formation and properties of
“artifact-free” nanocrystalline metallic and ceramic films and
composites using controlled physical vapor deposition (PVD) such as
pulsed laser deposition. Using relatively insoluble elements such as W
and Ta in Cu and Zn, and NiAl in WC, we can modify interfacial
energy and control the nucleation process which can be used to tune
the grain (nanocrystallite) size. Using this approach, we were able to
vary nanocrystallite size of zinc from 7nm to 100nm. Pulsed laser
deposition lends itself to this novel approach where a monolayer of W
or Ta is added after a certain thickness of Cu o