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Foreword

The symposium on Effect of Surface Coatings and Treatments on Wear was held in Phoenix,
Arizona, on 7 December 1994. ASTM Committee G2 on Wear and Erosion sponsored the
Symposium. Shyam Bahadur, Jowa State University, presided as symposium chairman and is
editor of this publication.
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Overview

There is always an effort to increase the performance of mechanical systems. This has re-
sulted in the components of the systems being subjected to higher stresses or aggressive en-
vironments and lead to the development of high performance materials. In this succession,
ceramic materials have shown a great promise because of their high melting point, strength
such as modulus of elasticity and hardness, and inertness to common atmospheres. The main
drawback of these materials is the lack of ductility and fracture toughness, and poor thermal
conductivity. Thus it is natural to think of the coatings of these materials over metals which
compensate these materials for these drawbacks by providing the substrates with good tough-
ness and high heat transfer characteristics. While coated systems enable the scientist to tailor
the structures for specific applications, they introduce other complications because of porosity,
dendritic grain structure, residual stresses, and interface shear stresses.

The understanding of the tribological behavior of even monolithic materials has been slow
to evolve because of the complications from the interaction of sliding surfaces with their en-
vironment. Because of the later development of coated systems, it is not surprising that the
tribological behavior of these has been of considerable interest. The latter has transpired because
of the beneficial use of these coatings in advanced systems such as adiabatic diesel engine, coal
fired engine, and gas turbine because higher operating temperatures provide higher thermal
efficiency. These systems are subjected to a variety of tribological conditions which involve
adhesion, abrasion, erosion, fretting, and others. Because of their high hardness, hard ceramic
coatings in general exhibit high abrasion resistance. In the other modes of wear, problems often
arise because of spalling of the coating due to the high shear stress induced between the coating
and the substrate from high contact stresses and differential expansion resulting from localized
temperature rise.

Purpose

This symposium was sponsored towards meeting the objectives of the ASTM G2 Committee,
in particular the promotion of knowledge, stimulation of research, and the development of
standards. The objective of this symposium was to provide a forum for the presentation of new
research work related to the tribological behavior of hard coatings of the materials such as
diamond, the carbides, nitrides and oxides of the elements and alloys, and explore the possibility
of standards development activity based on this symposium.

ASTM has sponsored several symposia related to tribology. Of direct interest to the readers
of this STP are the publications ASTM STP 1010, Selection and Use of Wear Tests for Ceramics,
1988 (Yust/Bayer, Eds.), ASTM STP 1167, Wear Testing of Advanced Materials, 1992 (Di-
vakar/Blau, Eds.), and the Tribology of Composite Materials, 1991 (Rohatgi/Blau/Yust, Eds.).

Overview of Papers

The symposium was held on 7 December 1994 at Phoenix, Arizona. It was contributed by
seven authors from USA and two from abroad, and one paper was not presented. It included
papers on adhesive wear, abrasion, and fretting behaviors of the different kinds of coatings.
The following is an overview of each paper.

The introduction to the symposium was provided by the opening paper by K. Budinski which
reviewed the different surface treatment and coating processes such as plating, diffusion treat-
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2 EFFECT OF SURFACE COATINGS AND TREATMENTS ON WEAR

ment, physical and chemical vapor deposition, ion implantation, thermal spray coatings, selec-
tive hardening, hardfacing, and the like. An overview of the wear processes was then presented
to serve as a background information for the engineers in industry. It was followed by a dis-
cussion of the processes that were suited for different wear situations.

The next paper by Blau et al. discussed the development of self-lubricating ceramic coatings
based on titanium nitride and MoS, and prepared by special chemical vapor deposition methods.
The sliding of these coatings against silicon nitride counterfaces in the temperature range 20
to 700°C in air showed that the coefficient of friction was low (0.07 to 0.20) on initial sliding
but varied considerably later on. It was particularly high at 400°C because of the changes
occurring on the surface and the wear debris at this temperature. Further work is needed to
study these changes and to explore the potential of these coatings for practical applications.

The paper by Bahadur and Yang studied the effect of laser surface melting on the detonation
gun sprayed (W, Ti) C-Ni and WC-Co coatings on 1044 steel and Ti-6A£-4V substrates. The
study showed the variation in structure and hardness through the coating thickness because of
laser treatment. Since laser treatment generated a lot of porosity, the use of these coatings in
dynamic applications is questionable. The coefficient of friction and wear test data on these
coatings is presented and the wear mechanisms are studied.

The paper by Vingsbo el al. reported the fretting results on three kinds of hard coatings: TiN
and diamond-like carbon on steel substrates, and polycrystalline diamond on steel substrate.
The displacement amplitudes selected in these experiments covered the partial slip regime and
the lower part of the gross slip regime. Fretting maps were developed and the fretting mech-
anisms explained.

The paper by Mohrbacher et al. presented a conceptual framework for modeling laboratory
fretting testing and applied the concepts to PVD TiN and CVD diamond coatings. The influence
of the fretting conditions on the mechanical contact response as well as the materials modifi-
cation induced in the contact zone are analyzed. The effects of third bodies, tribochemical
reactions, and residual stress on the friction and wear behavior are also discussed.

The paper by Kennedy and Agarwala investigated whether thermally stable compounds such
as oxides could be used as high temperature vapor phase ceramic lubricants. Towards this
effort, they measured thermodynamic interactions between ceramics and the vapor phase of
low sublimation temperature materials. They obtained thermodynamic data such as heat of
adsorption, packing density, and reversibility of adsorption and related these data to the wear
characteristics of these materials.

The paper by Ramalingam and Zheng studied the problem of hard coatings on light alloys
which arises because the modulus of elasticity of the substrate is much lower than that of the
coating. Loading in such a system produces differential displacements in the coating and the
substrate thereby promoting debonding of the coating which contributes to severe wear. Using
the displacement formulation solution approach, the authors have demonstrated that the film
stresses can be managed to prevent coating failure by changing the coating material, contact
condition, coating thickness, and film deposition conditions.

In the next paper Ruff studied the elastic, plastic, and cracking properties of the plasma
sprayed coatings of ZrO,, ZrO,-metal composite, and Ni-NiO composite. In this study, from
the continuous load versus nanoindentation depth data, material hardness, and elastic modulus
are analyzed and the results for different indenter shapes compared. From the instrumented
scratch test, the critical loads for severe cracking damage are also determined. The mechanisms
responsible for damage in the above processes are then explained.

The last paper by Li and Qunji discussed the preparation of a coating by a high temperature
synthesis process. The coating is prepared using a number of reactants such as CrO,, Cr,0;,
Al and C which comprise 98% of the total material. The resulting coating consisted of mainly
Cr,C;, Cr, Cr;C, and Al as revealed by X-ray diffraction. The coating deposited by this process
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on a steel substrate was found to have better adhesion and abrasion resistance than the Cr,C,
coating prepared by the chemical vapor deposition process.

As may be seen from the above, the papers covered a broad scope and were highly infor-
mative. The editor believes that this book will be a valuable and useful reference for both the
scientists and engineers. Finally, the symposium chairman gratefully acknowledges the expert
contributions of authors and reviewers. He would also like to express his deep appreciation for
the help and cooperation of the ASTM staff in making this STP possible.

Shyam Bahadur

Professor, Mechanical Engineering Department, Iowa State
University, Ames, IA 50011; symposium chairman and
editor



Kenneth G. Budinski'

Overview of Surface Engineering and Wear

REFERENCE: Budinski, K. G., “Overview of Surface Engineering and Wear,” Effect of
Surface Coatings and Treatments on Wear, ASTM STP 1278, S. Bahadur, Ed., American Society
for Testing and Materials, 1996, pp. 4-21.

ABSTRACT: Surface engineering is a multidiscipline activity aimed at tailoring the properties
or surfaces of engineering materials to improve their function or service life. As applied to metals,
surface engineering includes processes such as plating, diffusion treatment, physical and chemical
vapor deposition, ion implantation, thermal spray coatings, selective hardening, hardfacing, and
a variety of less-used and proprietary processes. These processes will be described briefly and it
will be shown that each process has a niche where it works better or is more cost effective than
competing surface engineering treatments or bulk materials. This paper will review the various
forms of wear that occur in industrial environments. Techniques will be described to match
available surface engineering processes with wear situations. The goal is to present selection
guidelines for machine designers and industrial operating personnel on the use of surface engi-
neering to solve wear problems.

KEYWORDS: surface coatings, surface treatments, wear testing, surface engineering

Many industrial applications involve only the outermost atomic layers of a surface. Hard
disk drives require relative motion to a magnetic head with a gap between the head and the
disk of a fraction of a micrometer. If the two touch, there could be a catastrophic failure. “Up”
surface features on both members must be less than the “fly” distance of 0.5 pm or thereabouts.
Controlling these surfaces is surface engineering. Electrical contacts may require reduced ox-
ides on contacting metal surfaces. Controlling the ohmic resistance of these surfaces is also
surface engineering. Hardening the surface of steel to improve its abrasion resistance is a surface
engineering process. Surface engineering is the engineering discipline that deals with the al-
teration of the surface properties to improve their serviceability or function. There are probably
few people who call themselves surface engineers, but many engineers practice surface
engineering.

It is the purpose of this paper to stimulate the awareness of design engineers of various
surface engineering processes and to show how these surface treatments can be used to solve
serviceability problems or design concerns associated with wear and friction. Tribological ap-
plications are only one part of surface engineering, but from the economic standpoint, they
may be the most important. This paper will describe the more widely-used surface engineering
processes and match these processes with various modes of wear.

Surface Engineering Processes

Figure 1 shows the spectrum of surface engineering processes that are available for tribo-
logical applications. Not included are processes like thin metal coatings on plastics to make
them reflective, arsenic dopants diffused into germanium semiconductors, and zinc coating of
fencing. These are surface engineering processes, but they are done for purposes other than

' Senior metallurgist, Eastman Kodak Company, Rochester, NY 14652,
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FIG. 1—Spectrum of surface engineering processes.

modification of tribological applications. They are intended to alter physical or environmental
resistance properties. The surface treatments that have utility for tribological applications can
be classified into two categories: (1) those that form a coating, and (2) those that go into the
substrate and do not produce a significant change in part dimension. The following is a brief
description of these treatments:

Coatings

Polymers/Elastomers—Fluorocarbon enamels and dry film lubricant coatings are usually
applied with a dry film thickness of less than 25 wm. Epoxy buildup cements can be applied
centimetres thick, as can wear-resistant elastomer coatings.

Platings—Wear-resistant metallic coatings can be applied by electrodeposition or by auto-
catalytic plating. Chromium and nickel platings have been used for many years to increase
surface hardness. Anodizing and hardcoating are wear-resistant coatings for aluminum.

Chemical Vapor Deposition—Many materials can be applied by chemical vapor deposition
(CVD). Heavy nickel coatings can be applied from nickel carbonyl to a wide variety of sub-
strates, chromium can be applied to a high carbon steel to make a hard surface or to soft steel
to make a “low cost stainless steel,” silicon carbide can be applied to add durability to optical
disks, and diamond or hard diamond-like carbon can be applied to a variety of substrates to
impart diamond-like characteristics.

Thermal Spray Processes—Thermal spray coatings are produced by melting various ma-
terials with welding techniques and spraying the melted material on a substrate to form a
coating. The most widely used thermal spray processes fit into two categories: combustion gas
processes and arc processes. The oldest combustion gas process involves introducing a wire
consumable into an oxyacetylene flame. Newer processes use everything from laser to rocket
fuel to melt the consumable. Arc processes include guns that use an arc between consumable
wires as well as more complex plasma arc guns that melt powder in a plasma.

Fusion Welding—Fusing metal onto the surface of a substrate allows surfaces to take on
the properties of whatever is melted onto the surface. The melting processes include arc weld-
ing, gas welding, laser, electron beam, electroslag, and even more exotic processes.



6 EFFECT OF SURFACE COATINGS AND TREATMENTS ON WEAR

Thin Film Coatings—There is no official definition of a thin film coating, but the usual
interpretation is coatings less than a few micrometers in thickness, applied with vacuum pro-
cesses. Physical vapor deposition (PVD) is the most common process and titanium nitride is
the most common coating. There are many PVD processes in use; many are proprietary.

Wear Tiles—Applying ceramic or cermented carbide tile to a surface, like tiling a bathroom
floor, is a proven process for hardening surfaces. Tiles are usually cemented in place.

Cladding—Metal surfaces can have wear-resistant metals applied in substantial thickness
with cladding techniques. These are solid-state joining processes and they include roll cladding,
explosion bonding, and hipping, as well as proprietary techniques.

Substrate Treatments

A treatment that applies to a variety of metal substrates is through-hardening. This applies
to ferrous metals that meet the requirements for quench hardening and some nonferrous metals
that can be quench hardened or precipitation hardened. Though hardening is not surface en-
gineering, just hardening the surface of a substrate is. The following paragraphs list the more
common surface treatments to reduce wear.

Surface Hardening—This process is simply quench hardening the surface of ferrous metals
by just heating the surface to the hardening temperature followed by a quench. This applies
only to ferrous metals that have adequate carbon and alloy content. The surface heating pro-
cesses include induction, flame, laser, and electron beam.

Diffusion Treatments—Non-hardenable metals can sometimes be hardened by diffusing
some elemental species into the material, usually at elevated temperatures. This process nor-
mally applies to non-hardenable ferrous metals, but sometimes it is used to improve the surface
properties of through-hardened metals. Applicable processes include nitriding, carburizing, car-
bonitriding, ferritic carbonitriding, and special processes that diffuse titanium and vanadium
into surfaces.

Glazing—Rapid melting and solidification of surfaces is called glazing, and it is used to alter
the microstructures of surfaces. If the quenching is rapid enough, amorphous surfaces can be
obtained. Normally, this process simply produces a dendritic microstructure as applied to
wrought steels, but the surface can also be harder than possible with normal quench hardening.

Ion Implantation—This is a vacuum process. An ion gun produces ions that are accelerated
at a surface and either these ions or recoil atoms from a surface coating are implanted into a
surface up to a depth of about 0.1 um. These treatments can improve resistance to a variety of
wear processes.

There are other surface engineering processes that have utility in tribological applications,
but the ones mentioned are the most widely used. These are the surface engineering tools that
are available to designers. Each process has unique advantages and applicability to the various
forms of wear.

Wear Modes

The first step to take in addressing any wear problem is to identify the form of wear that
will prevail in a tribosystem. Parts just do not wear out, they wear by one of a dozen or so
different modes of wear that are agreed to by most tribology researchers [/-5] and as in the
ASTM Standard for Terminology Relating to Wear and Erosion (G 40-94). Figure 2 illustrates
wear processes broken down into four basic categories and 17 specific wear modes. The basis
for this categorization is commonality in the tribosystems in which the wear occurs. All of the
abrasive forms of wear involve the contact of a solid with a harder particle or sharp protuber-
ance. The erosive forms of wear all involve at least a component of damage due to the me-
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FIG. 2—Basic categories of wear and specific wear modes.

chanical action of a fluid in motion. Adhesive wear processes often occur in systems involving
a solid sliding on another solid. Material removal by reaction with the environment may or
may not occur conjointly with the adhesive wear process, but the major damage is produced
by the adhesive interaction of the two surfaces. The surface fatigue category contains wear
processes that involve repetitive compressive stressing of a surface. Relative motion parallel to
the contacting surfaces is not necessarily intentional. It can be shown that these categories of
wear processes are not succinct, but they serve the purpose of simplifying the subject of wear
to some extent.

Each of these specific wear modes can usually be recognized by a simple visual inspection
of the damage on a worn part. Each wear mode has a different solution, so it is important to
address a wear problem by identifying the mode of wear that predominates or may predominate
in a particular tribosystem. This is the first step in addressing a wear problem.

When to Use Various Surface Engineering Processes

Figure 1 lists the names of many surface engineering processes. The first question that a
designer should address before using these processes is: Can I use a surface modification or
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should I use a material with bulk properties that resist a particular form of wear? A punch press
die used for millions of parts is a good example of an application where through-hardening of
tool steels or use of cemented carbides are usually required. In general, surface engineering
usually allows the use of lower-cost materials. For some punch press die applications, it is
possible to use a hard punch, to shear it into a soft die, and to harden the top surface of the die
with a thin chromium plating. This has worked well on short-run jobs, and it is done with much
lower cost than through-hardened punches and dies.

If through-hardening is selected as the appropriate system for an application, surface engi-
neering may be used to further enhance the through-hardened part, but this usually is done only
after one learns that the through-hardened part does not last as long as desired.

If the decision is made to consider a surface engineering process (as opposed to a through-
hardened material), the next step is to decide on the appropriate surface engineering process.
The following are guidelines on when to use the more important surface engineering processes.

Coatings

When to Use Platings—As mentioned previously, a unique advantage of metallic platings
is that they can be applied to many different substrates. Suitable substrates for the common
wear-resistant platings (chromium or nickel) are ferrous metals, copper-base metals, and some
of the other nonferrous materials such as zinc. Anodizing and hardcoating are the related
processes for aluminum alloys. They can perform the same function as a hard plating in ad-
dressing various wear modes. Figure 3 shows the entire spectrum of processes that apply a
coating to the surface of a metal with an electrochemical or chemical process. Chromium is
the hardest of the various metals that are commonly applied (Fig. 4) and it can be as thick as
a millimetre, but it is most economical if it can be applied as a thick layer (1 to 2 um); in this
thickness range, it can be applied to finish machined parts. If a thickness of over 25 um or so
is thought to be necessary, it is likely that the plating will have to be ground after deposition.

If a plating process is under consideration for rebuilding of a worn surface, the rule of thumb
that has been used for many years is that if the wear depth is less than 250 pm, plating processes
are candidates for the rebuilding and chromium is by far the most wear-resistant plating. It has
abrasion resistance that is often an order of magnitude better than that of electroless nickel.

On new parts, thin plating often excels as a surface-hardening process on soft metal shafts
that may see abrasion from packing and the like. Plating is also the common choice for im-
proving the durability of large rolls and machine components that are too big for furnace
treatments and processes that require a part to be placed in some sort of reaction chamber. On
the other hand, plating processes must be used with caution in situations involving Hertzian
loading. They can spall. It is also advisable not to rely on platings for chemical resistance. Most
platings have at least a few pinholes, which means they do not offer chemical resistance.

When to Use Thin-Film Processes—The definition of “thin film” is not agreed upon by
workers in the field, but a practical definition is those coatings and treatments with a thickness
or depth of penetration less than about 3 pm. Figure 5 illustrates the most widely used thin-
film coating processes. The most widely used thin-film wear coatings are the PVD and CVD
applied coatings of TiN-Ti-CN and the like. There are many job shops that will apply diamond-
like carbon, diamond, TiN, titanium carbonitride, or graded versions with metals or ceramic
interlayers or a combination thereof. TiN coating became popular on cutting tools in the late
1980s. Many cutting-tool suppliers sell complete lines of drills, milling cutters, lathe bits, and
taps with TiN types of coatings. These coatings are applied to hardened substrates, and the
typical thickness is about 2 pm. Suitable substrates are materials that can withstand a temper-
ature of 425°C. TiN is significantly harder than its nearest competitive coating (thin chromium),
and in machining it is said to prevent cratering caused by hot chips sliding on a tool.
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FIG. 3—Use of platings for wear applications.

These coatings have proven themselves in cutting tool applications, but their effectiveness
in other applications usually has to be evaluated on a case-by-case basis. Many TiN coatings
have significant roughness that comes from the coating process. This roughness is not a problem
if the treated surface is destined to see only abrasion from sand or a similar particulate. On the
other hand, if the treated surface is to run against a plain bearing, it may wear the bearing at a
high rate. For this reason, it is still common practice to avoid thin-film coatings in situations
where they will be sliding in contact with a softer counterface. These coatings would probably
work fine in an application like a valve stem/packing tribosystem. It will resist low-stress
abrasion. They are useful coatings to provide an additional measure of abrasion resistance to
previously hardened tool materials.

Two other thin-film coatings/treatments are becoming more important—diamond coatings
and ion implantation. Ion implantation will be discussed in the next section. Diamond coatings
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FIG. 5—Processes for producing thin coatings.

can be applied by PVD or CVD processes. Their current limitation is that they are difficult to
coat onto some metal substrates. Adhesion is often inadequate. Some diamond coatings only
adhere well on silicon nitride; some only adhere well on cemented carbide. This problem limits
their utility. Users need to investigate coating adhesion when evaluating potential suppliers of
these coatings.

When to Use Hardfacing—Hardfacing is probably the broadest category of surface engi-
neering processes. By definition it is applying, with welding techniques, a material with prop-
erties that are superior to those of the substrate. The spectrum of specific processes that is
included in hardfacing are illustrated in Fig. 6. They run the gamut from the traditional appli-
cation of overlays with an oxyfuel torch to laser cladding, to thermal spraying of ceramics and
cermets. Hardfacing is divided into two categories, and this division has significant conse-
quences. Materials applied with fusion-hardfacing processes have a metallurgical bond to the
substrate. They are bonded as if they were a traditional weld bead. In nonfusion processes,
materials are bonded to the surface with a mechanical bond. In this case, the coatings are not
melted into the surface; they adhere with the same types of bonds that hold electroplatings and
adhesives to surfaces. There is some mechanical locking with surface roughness and there is
some van der Waals-type atomic bonding. The bond strength of thermal spray coatings to
substrates is usually measured by epoxy bonding another surface to the coating and pulling it
off with a force measuring instrument. The strongest epoxy has a shear strength between 7 and
14 MPa. If the thermal spray coatings stay on and the epoxy fails, it is said that the coatings
have a tensile shear strength to the surface of at least 7 MPa.
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FIG. 6—Hardfacing processes that require melting of the substrate (fusion) and those that do not

(nonfusion).

It is useful to keep this factor in mind when applying thermal spray coatings to surfaces that
will be subjected to Hertzian stresses or to impact types of loads. If operating stresses approach
7 MPa, it may be well to use a fusion process. Surface adhesion is not usually a factor with
fusion processes. Thus, the distinction between fusion and nonfusion hardening processes is
that the fusion processes involve melting the surface and the nonfusion processes do not. Both
categories involve a coating on the surface. There is no penetration into the substrate with the
nonfusion processes; there is dilution of the hardfacing with the substrate in the fusion

processes.



BUDINSKI ON SURFACE ENGINEERING AND WEAR

Hardfacing
Consumables

Bare weld rod

Coated electrodes

Ceramic powder

|

Metal powder

13

Bare wire Cermet powder
Tube wire Ceramic rod
Metal powders Metal wire

Metal/cermet Plastic Powder
self-fluxing powders

Flux coated wire

|

Flux coned wire

FIG. 7—Available forms of fusion and nonfusion hardfacing consumables.

The materials that can be applied with hardfacing processes are shown in Fig. 7. Fusion
hardfacing consumables come in many product forms to accommodate various welding pro-
cesses. Nonfusion consumables are mostly in powder form, but some processes use ceramic
rods. There are many flame spray guns that use wire consumables. The largest fusion consum-
able from the tonnage standpoint is ferrous metals, but cobalt, nickel, and copper-base alloys
are also widely used. Just about any material that can be made into a powder can be applied
with thermal spray processes if it does not degrade in the spraying heat. Tungsten carbide/
cobalt cermet, chromium oxide, and aluminum oxide ceramics are very popular plasma spray
coatings. They are usually applied 125 to 175 um thick and are finish ground to 75 to 125 um.
As-deposited thermal spray coatings can have a surface roughness of 6 wm. Most users need
to grind the sprayed surface after coating.

There is no technological limit on the thickness of fusion deposits, but most users try to limit
thickness to two layers, which means about 5 mm. These deposits are finished if the application
requires it, but when applied to earth moving equipment and agriculture equipment, deposits
are usually used as-applied. Deposits are not machined. Fusion hardfacing is widely used on
extrusion screws (flights), on valves (seats, faces), on mineral handling and processing equip-
ment (chutes, diggers, crusher rolls), dies (tool steel repair), and countless places in recovery
industries. The iron chromium alloys are probably the most popular, and the most common
substrate is weldable carbon steel. Cobalt and nickel-base alloys are very popular for metal-to-
metal wear applications. Figure 8 compares the applicability of gas-combustion nonfusion pro-
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FIG. 8—Flame-spray and arc-welding hardfacing processes.

cesses and arc-spraying processes. Plasma spraying and high-velocity oxy fuel (HVOF) spray-
ing are very popular nonfusion processes.

Each of the hardfacing processes listed have a niche where they are most cost effective. The
same situation exists for the materials that can be applied. In general, hardfacing with fusion
processes is applicable to systems where severe mechanical abuse or Hertzian loading takes
place in service. The thermal spray coatings excel where just a few mils of protection will be
adequate. Fusion hardfacings require a weldable substrate and high application temperatures.
Thermal spray processes seldom get the substrate hotter than 200°C. All of the processes listed
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in Fig. 1 belong in the machine designer’s repertoire of surface engineering processes. They
are extremely useful.

When to Use Selective Hardening—The most important processes in this category of sur-
face engineering are flame and induction hardening. Both processes require a suitable ferrous
substrate. The steel or cast iron must have sufficient carbon in the matrix to allow quench
hardening; parts must be raised to the austenitizing temperature and quenched. In selective
hardening, these requirements are met only in a localized region. Either an oxy-fuel flame or
an induction coil are the traditional ways of accomplishing selective hardening.

Flame hardening requires only a flame-heating system and a water-quenching system; in-
duction heating requires that the parts fit into a water-cooled copper coil and an induction
heating power supply is needed to produce induced current into the work. A distinct advantage
of flame hardening is that it can be performed on parts of any size. Flights on a 12-m (40-ft)
long plastic extrusion screw can be done with relative ease. Induction heating usually is re-
stricted to small parts, and systems are often automated for high production. Both processes
can produce surface hardening depths up to 10 mm or more. The minimum hardening depth
on flame hardening is about 1.5 mm. Hardening depths as low as 0.25 mm are possible with
induction techniques. Suitable substrates and attainable hardnesses are listed in Table 1.

Selective hardening is suitable for very large parts that would be difficult to heat in a furnace.
1t is preferred to one-of-a-kind parts as well as when heavy cases are desired. Gears, wheels,
cams, and heavy-duty shafting are common applications. Selective hardening is usually per-
formed on finish-machined parts. A disadvantage of both processes is that each requires the
handling of individual parts. Flame and induction hardening are not batch processes.

When to Use Diffusion Treatments—The spectrum of diffusion hardening processes is
shown in Fig. 9. The most common diffusion treatment is carburizing. Carbonitriding and
nitriding are also widely used. Boronizing and the specialty treatments such as titanium carbide
or vanadium carbide are less frequently used. These processes are normally restricted to ferrous
metals.

Carburizing and nitriding produce slight surface growth, usually on the order of a few mi-
crometers per surface. These processes are usually done on finished surfaces or surfaces that
only have a small stock allowance for finishing. These processes are very well suited to metal-
to-metal wear situations, and they are normally used for applications where another part will
be rubbing on the diffusion-treated part. The carburized and nitrided parts should be used at
their normal working hardness, 60+ HRC. They can have depths as much as a millimetre (or
more) so they can be used for applications with a significant tolerance for wear.

The less-used processes (B, TiC, VC) are almost always done on finish-machined surfaces,
and they normally produce case thicknesses of less than 3 gm. They can have hardnesses that

TABLE 1—Materials that are commonly flame or induction hardened
and their normal hardening ranges.

Carbon Alloy Tool Cast

Steels HRC Steels HRC Steels HRC Irons HRC
1025-1030 40 t0 45 3140 50to60 01 58 to 60  Ductile, 80-60-03 55 to 62
1035-1040  45to0 50 4140 50to 60 02 56 to 60  Gray Class 30 45 to 55
1045 52to 55 4340 54to 60 S1 50t0 55  Gray Class 45 55 to0 62
1050 55 to 61 6145 541062 P20 45 to 50
1145 52to 55 52100 58to 62

1065 60 to 63
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FIG. 9—Categorization of diffusion hardening processes by case depth.

are twice that of nitriding and carburizing. They are most suitable for applications where a
thick and very hard coating is appropriate.

Another factor to consider in using these processes is if the part can tolerate the treatment
temperature without significant distortion. As shown in Fig. 10, carburizing and other diffusion-
treating processes are usually performed at temperatures in excess of 900°C. Heating to such
a high temperature is likely to cause some part distortion. Carburizing and carbonitriding require
a liquid quench from the treatment temperature. This can be an additional source of part dis-
tortion that must be dealt with. The final restriction on these processes is substrate compatibility.
Carburizing works best on an alloy carburizing steel substrate. Nitriding develops the highest
hardness on an alloy nitriding steel substrate; boronizing, vanadium carbide, and titanjum car-
bide treatments are often performed on air-hardening tool steels such as AISI Type D2 that
will air-harden on cooling from the process temperature.

The most common application of diffusion-treating processes is on parts that can be batch
processed. Usually, small parts can be done without post-treatment finishing. The ideal diffusion
treatment application is a job that requires many small parts that are used for metal-to-metal
wear or low-stress abrasion applications. Carburizing and nitriding probably have the best
availability of any surface-hardening processes.

When to Use High-Energy Processes—For the purposes of this discussion, high-energy
processes mean electron beam, laser beam, and ion implantation. They are known as high-
energy processes because the energy density in watts/unit area is usually higher than for many
other surface engineering processes. Laser and electron beam are used to harden surfaces in a
fashion that is identical to selective hardening except that quenching is usually performed by
letting the mass of the treated substrate serve as the quenchant. Heating is usually confined to
a small spot or pattern, so if a part has fairly large mass, it remains “stone cold” and conduction
from the heated area produces the quench. Lasers and electron beam can harden suitable sub-
strates (same as for flame and induction hardening) to a depth of about 1 mm under normal
processing. The hardened patterns are usually strips, dots, or similar patterns generated by the
numerically-controlled part moving (or gun moving) controls.
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The other surface-improvement process that is offered with laser and electron beams is
surface glazing. With both laser and electron beams, it is possible to rapidly bring the surface
of the work to its melting temperature. It is believed that this melting and the subsequent quench
can improve the tribological properties of a surface. This practice is not widely used, but it has
been successfully used to produce structure refinement (elimination of massive carbides) in
tool steel cutting edges. Surface melting by laser and electron beam is also done to melt thermal
spray deposits so that they form a fusion bond to the substrate rather than the normal mechanical
bond.

An advantage of laser surface treatments over electron beam surface treatments is that it is
not necessary for the workpiece to be in a vacuum chamber as is the case with electron beam
processes. An advantage of electron beam treatment over lasers is that the reflectivity of the
surface is not a concern. Shiny'metals reflect a significant portion of laser beams. In addition,
electron beam equipment is much less expensive per unit of beam energy.

Jon implantation is performed in a vacuum chamber. A beam of ions is generated by a variety
of techniques. This beam is rastered on the work, and the high-velocity ions penetrate the work
to a depth of about 0.1 um. As shown in Fig. 11, ion implanation produces the shallowest case
depth of all of the surface engineering processes. It is claimed that the treatment of steel surfaces
with carbon, nitrogen, chromium, and more recently boron, improves the tribological properties
of metal surfaces. In some cases, compounds (such as nitrides) are thought to be formed. In
other cases, the strengthening is thought to be analogous to diffusion strengthening. Carbon
and nitrogen ions can diffuse into interstitial lattice positions like carbon does in quench
hardening.

There are at least four vendors in the United States who perform this service on a commercial
basis. The value of such treatments is reported in case histories in the literature, but applications
are still being investigated.

Laser and electron beam hardening can be used wherever selective hardening is appropriate.
Both processes will produce less distortion than flame and induction hardening if the hardened
zone is kept to a minimum. Ion implantation is best used on tribosystems that need to have
zero wear. If the treatment only penetrates to a depth of 0.1 um, it is likely not to be helpful
on a part that can tolerate 0.25 pm of wear.

Matching Materials and Processes to Wear Modes

Figure 12 is an attempt to present “preferred materials” of construction for various modes
of wear. This illustration shows that nitrided alloy steel is very resistant to galling (self-mated),
but a variety of surface engineering processes are also candidates for this form of wear.

Some of the “best-choice” materials are bulk materials rather than treated surfaces. This is
where surface engineering should be considered. If one cannot afford to make a part from solid
cemented carbide, a carbide surface coating can be applied with HVOF or one of the other
thermal spray processes. The same situation exists with ceramics and many of the materials
that were discussed.

Summary

In summary, using surface engineering to solve wear problems starts with the selection of
the specific mode of wear that is anticipated in a system under design. The next step is to
consider the surface engineering processes that can be used to address this form of wear (and
which is compatible with the part requirements—distortion, tolerances, surface texture, etc.).
Finally, the designer must decide on a process and material that will properly address the form
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FIG. 12—Wear processes showing preferred materials and candidate materials/treatments.

of wear at hand. A few materials excel in combating each form of wear. Some of these are
very expensive or hard to fabricate, or both. Surface engineering can often provide the means
for using these materials only on the surfaces where they are needed. It is a cost-effective
approach that should be tried wherever feasible.
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ABSTRACT: The purpose of the work reported here was to develop special chemical vapor
deposition (CVD) methods to produce self-lubricating ceramic coatings in which the lubricating
and structural phases were co-deposited on Ti-6A1-4V alloy substrates. These novel composite
coatings are based on a system containing titanium nitride and molybdenum disulfide. The
method for producing these coatings and their sliding behavior against silicon nitride counter-
faces, in the temperature range of 20 to 700°C in air, are described. The initial sliding friction
coefficients for the composite coatings at room temperature were 0.07 to 0.30, but longer-term
transitions to higher friction occurred, and specimen-to-specimen test variations suggested that
further developments of the deposition process are required to assure repeatable friction and wear
results. Friction and wear tests at 300 and 700°C produced encouraging results, but tests run at
an intermediate temperature of 400°C exhibited friction coefficients of 1.0 or more. Oxidation
and a change in the nature of the debris layers formed during sliding are believed to be responsible
for this behavior.

KEYWORDS: friction properties, wear testing, chemical vapor deposition, titanium nitride,
surface coatings, molybdenum disulfide, self-lubricating materials, surface treatments

Coatings and surface treatments represent important strategies for affecting friction and wear
improvements on load-bearing, sliding surfaces. There are a large number of such treatments
currently available [/-3]. In fact, entire journals are devoted to the subject [4]. Coating pro-
cesses involve adding material to the surface. Other treatments, like ion-implantation and dif-
fusion treatments, involve modifying the composition or structure of the materials, or both, at
and just below the surface.

Materials that contain an additive or additives that reduce friction during use are called self-
lubricating materials. Examples of self-lubricating materials include polymer blends that con-
tain tetrafluoroethylene and porous, oil-impregnated bronzes. Self-lubricating materials are use-
ful for a number of reasons:

1. They can serve as fail-safe protection in a liquid lubricated system in case the liquid
lubricant is lost or fails for some other reason.

2. They can lubricate parts of machinery where it is not practical to use external lubrication
supply systems.

! Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6063.
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3. They can operate in severe environments, such as high-temperatures, where liquid lubri-
cants may not work.

4. They can be sealed into assemblies that must function effectively without having the
opportunity to add more lubricant.

5. They may be a cost-effective alternative to other lubrication schemes.

In the present context, a self-lubricating coating consists of a matrix phase to provide a
measure of wear resistance and load-bearing structure, and a solid lubricating phase to reduce
friction. The coating should be so constructed such that there is sufficient quantity of lubricant
to spread over the surface, yet not so much that the coating becomes too soft to support the
load or to retain its integrity and adhesion to the substrate. In the ideal case, the wear of the
coating should be low and just sufficient to continue to supply additional lubricating phase to
the surface to replenish that which is lost by wear or transfer to the opposing surface.

For the matrix phase, we selected titanium nitride, a ceramic material whose success as a
wear-resistant coating material for tooling and other tribological applications is well established.
For the lubricating phase, we selected molybdendum disulfide, a solid lubricating material with
moderate elevated temperature capabilities. At temperatures of approximately 350 to 400°C,
MoS, tends to oxidize to form MoO; [5]. The challenge of this effort was to simultaneously
deposit the matrix and lubricating phases by controlled chemical vapor deposition (CVD) so
as to produce a functional coating.

Results of earlier microfriction studies indicated that the method of applying MoS, to surfaces
affects the stability and nominal value of the friction coefficient when sliding against silicon
nitride [6]. The current work presents results of sliding friction and wear tests of our composite
coatings against silicon nitride that were conducted in air at temperatures between about 20
and 700°C.

Coating Synthesis and Characterization

Deposition of composite coatings of TiIN-MoS, was carried out on polished Ti-6A1-4V alloy
substrates in a cold-wall CVD reactor at 1073 K and a system pressure of 5.3 kPa. The precursor
gases were composed of tetrakis (dimethylamino) titanium, Ti((CH;),N), (99.9%),> MoF,
(99.9%),> NH; (99.95%),* and H,S (99.5%).* The reaction chamber, constructed of a fused
silica tube, was 61 cm long and 3.3 cm in inner diameter. Stainless steel flanges with com-
pression O-ring fittings were used to seal the reactor assembly at both ends. Mass flow con-
trollers were used to control gas flows, and the system pressure was controlled by using a
mechanical pump with a solenoid flow valve coupled with a pressure controller and a capaci-
tance manometer.

150 g of Ti((CH,),N), was contained in a 200-cm® bubbler maintained at a constant tem-
perature of 338 K using a silicon oil bath with an immersion circulator. The vapor pressure of
Ti((CH5),N), at this temperature is =200 Pa [7]. Argon at 20 cm®/min at standard temperature
and pressure was passed through the bubbler to carry the vapor into the reactor. The flow rate
of NH; was 300 cm®/min at standard temperature and pressure that was separately fed into the
reaction zone using a dual-path, co-axial injector made of Inconel to prevent premature reaction
with the titanium precursor. The flow rates of MoF, and H,S were 6 and 60 cm?*/min at standard
temperature and pressure, respectively. The titanium alloy substrates (1.8 by 2.5 cm) were

2 Strem Chemicals, Inc., Newburyport, MA.
3 Johnson & Matthy, Wardhill, MA.
“* Alphagaz, Morrisville, PA.
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placed on a 13-cm-long graphite susceptor that was inductively heated by a radio frequency
field (164 kHz). A K-type thermocouple in contact with the graphite susceptor was used to
measure temperatures. Film thicknesses of 3 to 4 um were produced.

X-ray diffraction patterns such as that shown in Fig. 1 were obtained on the TiN-MoS,
composite coatings to determine their structures and compositions. Peaks marked with asterisks
in the figure arose from the substrate. While no preferred orientation was predominant in the
case of TiN, MoS, was found to be textured such that its (002) planes were aligned parallel to
the coating surface. This orientation is highly desirable to produce maximum lubricity. The
deposition rate, estimated from the coating cross-sections analyzed by electron microprobe
analysis, averaged =10 um/h. Studies using Auger electron spectroscopy (AES) indicated that
the MoS, content in the TiN-MoS, composite coatings increased as a function of the coating
thickness. Selected-area, electron diffraction analysis indicated that the coating surface was
primarily MoS,, and both TiN and MoS, were identified near the substrate, in agreement with
the results obtained by the AES analysis. A transmission electron micrograph of the composite
coating in the transverse direction showed that MoS, was present as pockets dispersed in a
matrix consisting of =50-nm TiN crystallites (see Fig. 2).

Friction and Wear Testing Procedure

Friction and wear testing was performed in a high-temperature pin-on-disk tribometer that
is capable of continuous rotation in either clockwise or counter clockwise directions, or of
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FIG. 1—X-ray diffraction pattern of the TiN-MoS, coating deposited on Ti-6A1-4V alloy substrate.
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. T (220)

FIG. 2—A transmission electron micrograph in the transverse direction of the TiN-MoS, com-
posite coating.

oscillation over a specified angular range. The latter mode was used for these experiments. The
pin specimen, in these tests a 9.53 mm diameter silicon nitride (NBD200) sphere, was held in
the end of a rod anchored in a strain-gaged collar arrangement which allowed recording both
the normal and tangential forces during the test. The pin holder and the disk rotation system
move along a vertical axis, bringing the pin and the disk into contact at the center of a resistance
heated furnace. The furnace heating element is contained within quartz tubes, the outermost
tube being gold-coated for reflection of radiation. A schematic illustration of the test configu-
ration is shown in Fig. 3.

The present tests were done using oscillatory motion over an arc of 90°. The oscillation
frequency was 40 cycles/min and the wear track diameter was 20 mm. The resultant average
sliding velocity was approximately 20 mm/s. An applied force of 16.4 N was selected in order
to provide an elastic, Hertzian contact pressure of 1 GPa for the silicon nitride sphere on the
titanium alloy plane at the given test temperature. In one low-load test, the applied force was
reduced to 1 N (0.37 GPa). The standard test duration was 500 cycles (12.5 min); however,
additional tests of up to 4 h in duration examined the effect of more prolonged sliding. Tests
were performed at room temperature and at temperatures up to 700°C. Ambient atmosphere
was used in all the tests.

Tangential force and normal force were periodically sampled by a computer-driven data
acquisition system. Data were recorded for 30 s at 2 min intervals at a rate of 125 s™ during
the 500-cycle tests, and at selected periods during more extended tests. A strip chart recorder
was also used to display the general trend of both tangential and normal force in all tests. The
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L

FIG. 3—Schematic diagram of the high-temperature tribometer: A = ball specimen, B = flat
specimen, C = base plate for flat specimen stage, D = mounting rod for ball specimen, E = dead
weight, F = resistance heating coils, G = gold-coated reflector, H = insulating plate, I = water
cooling for the base plate, J = drive motor, K = aluminum base plate for the machine, and L =
glass bell jar.

TABLE 1—Friction and wear tests performed in this study.

Temperature, Test Time, Number of
Composition ° min Tests

Polished Ti-6A1-4V alloy 20 12.5 1
TiN-rich coating 20 12.5 1
CVD MoS, coating 20 12.5 1
20 240.0 1
Composite TiN-MoS, coating 20 12,5 5
20 61.0 1
20 90.0 1
20 120.0 1
20 230.0 1
300 12.5 1
400 12.5 2
1

700 12.5
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TABLE 2—Friction results: room temperature tests
(all tests at 1 GPa contact pressure, reciprocating, in air).

Composition M, initial Trend in p K, final
Uncoated substrate 0.44 rapid decrease 0.40
TiN-rich coating 0.50 rising 0.80
MoS, coating 0.18 to 0.21 rising, highest for the 0.20/0.32

4-h test
Composite coating 0.07 to 0.20 rise/drop/rise behavior 0.13t0 0.22
(12.5 min tests) was common (0.6 for
one test)
Composite coatings 0.09 to 0.30 rise/drop/rise behavior 0.40 to 0.60
(>>60 min tests) was common

figures depicting friction coefficient as a function of time presented here are all based on the
computer-recorded data. The coatings and conditions used for these experiments are listed in
Table 1.

Results of Friction and Wear Tests
Room Temperature Tests

Friction results for the room temperature tests are given in Table 2 and Fig. 4. The first three
rows of Table 2 contain baseline data for a polished Ti-6A1-4V specimen, a TiN coating and

Room Temperature Data
Silicon Nitride Sliders
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FIG. 4—Summary of friction data from room temperature tests of various coatings.
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FIG. 5—Photomicrograph of a wear track on the Ti-6A1-4V substrate material showing defor-
mation twinning at the track edge and periodic features within the grooves.

a MoS, coating (500 cycles, 12.5 min). As shown in Fig. 4, the friction coefficient for the bare
substrate began at 0.55, decreased to 0.4 after 2 min of sliding, and remained at this value for
the remainder of the test. The wear track was 10 wm deep (by profilometric measurement) with
displaced material displaying deformation twinning at the track edge, as shown in Fig. 5. The
tip of the slider was covered by adherent debris.

The friction coefficient of the TiN-coated specimen rose from 0.5 to 0.8 after only 5 min of
sliding. The only evidence of wear was the flattening of the coating surface in the wear path
caused either by the removal of prominent summits of the profile or filling of some of the
profile valleys with wear debris, or both. Figure 6 shows the highly-fractured appearance of
the track surface. A debris-free wear surface, 715 pm in diameter, was formed on the slider
tip, suggestive of abrasive wear by the hard TiN coating.

The friction coefficient in the MoS, coating test remained at about 0.2 for the entire 500
cycles, but on the 4-h test reached 0.32. Because the starting film was about twice the thickness
of the other coatings (8 um), there was more material available to form a lubricating transfer
film on the slider tip, and its effect lasted relatively long.

Composite coating specimens containing both TiN and MoS, were produced. Five tests of
500 cycles duration were conducted. The initial friction coefficients increased from about 0.07
to 0.20, in the first 2 min, to 0.13 to 0.22 for the remainder of the tests. In some specimens,
the friction coefficient remained relatively low, but in others, it was higher and varied consid-
erably during the test. Figure 7 shows the relatively smooth appearance of the wear track of
one of the composite coating specimens that gave low friction results.



FIG. 6—Fractured area on the surface of the TiN-coated specimen.

surface.

composite coating

Smooth features on the

FIG. 7—
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COATING COATING COATING
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FIG. 8 —Optical micrograph of the wear track for a 230-min-long test showing three distinct
regions.

A longer run was conducted on the composite coating to investigate the effects of coating
wear-through. The run was terminated at 3.83 h when there was clear evidence for wear-through
(that is, transition to a high, erratic friction coefficient and a change in the appearance of the
wear track). The structure of the wear track exhibited three zones: (1) a zone covered with dark
patches at the center of the track, (2) a zone partially covered with residual coating material to
each side of it, and (3) a narrow band suggestive of a still intact portion of the coating by the
track edge (see Fig. 8). A profile of the wear track is shown in Fig. 9. The friction force record
of this run exhibited an increasing trend as the proportion of the track width covered by the
intact coating continued to decrease. Table 3 lists wear track depths for room temperature tests.

Elevated Temperature Test Results

Coatings were tested at temperatures of 300, 400, and 700°C in air. Results are shown in
Fig. 10. Tests at 300°C behaved similarly in friction and wear to those run at room temperature.
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FIG. 9—Stylus profile (2-pm tip radius) of the wear track shown in Fig. 9.

Tests at 400°C, however, did not produce the same low friction and wear. The same specimen
that exhibited friction coefficients from 0.1 to 0.14 at room temperature was tested at 400°C in
an air atmosphere. The initial friction coefficient value was 0.35, but it increased very rapidly
to 0.62 at the end of 1 min and reached a final value of 0.75 at 12.5 min. To assess the possibility
that lower friction coefficients would be obtained under reduced contact stress, this coating was
tested again at 400°C, but at 1 N applied normal force (0.37 GPa). The initial friction coefficient
was 0.7, and it increased continually to reach 1.0 at the end of the 12.5-min test. Despite the
difference in initial friction values, the elevated temperature response of the coating in two tests
was similar, as shown in Fig. 10. Relatively debris-free wear surfaces, surrounded by some

TABLE 3—Wear track depths for room temperature tests.

Test Time, Approximate Track Depth,
Disc Specimen min pum
Ti alloy 12.5 10.0
MoS, 125 20.0
TiN-MoS, coating 12.5 10

120.0 40.0
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FIG. 10.—Fiction results for coatings tested at various temperatures. Symbol key: squares con-
taining crosses = 20°C tests, triangles = 300°C tests, open squares = 400°C tests, and closed
circles = 700°C tests.

adhered debris, were formed in both 400°C tests. A final run was conducted at 700°C. Friction
coefficients for this run were lower than those for the 400°C.

Discussion

A primary issue involved in developing any new tribological surface treatment or coating is
that of performance repeatability. Three tests with the same load, speed, and duration were
performed on the same specimen, but friction and wear results were not similar, suggesting
place-to-place variations in the composition or microstructure within a given coating. Visual
inspection of the coating surfaces indicated the likelihood of this variability (for example, a
nodular appearance in some regions, or a powdery appearance in others). Auger analysis and
depth profiling of the composite coatings indicated that the MoS, content decreased with depth.
This composition gradient probably contributed to the increase in friction as the coatings wore.

Studies of the friction versus time records for the room temperature coating tests, including
the longer duration runs, revealed that friction force tended to follow a complex series of
changes before reaching what might be termed the steady-state condition. Friction curve anal-
ysis is an established method to assess the repeatability of test conditions as well as the uni-
formity of the starting materials and scheme of lubrication [8]. A commonly-observed behavior
in the coating tests would be for the friction force to climb rapidly at first, level off, experience
a sharp drop, and finally rise to a steady-state value. Steady state, in the present sense, involved
considerable fluctuations in friction force about a mean value. Other types of frictional varia-
tions were also observed, reinforcing the idea that the composition and microstructure of the
coatings varied from place-to-place on the specimens. This suggests a sequence of evolving
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interfacial processes: initial abrasion and transfer of material to the slider, smoothing of the as-
formed coating features, texturing of the surface layers, and finally, gradual break-through to
expose the substrate below. Even when the substrate was exposed, microscopic evidence sug-
gested that some residual coating material, mixed with wear debris, remained on the wear track
to modify its frictional behavior.

Elevated temperature friction results were encouraging for high and low temperature tests
but not for intermediate temperatures. Friction coefficients were low at 300°C and relatively
low at 700°C, but not at 400°C. At 400°C, friction coefficients quickly rose to unacceptably
high levels (1 = 0.8 to 1.0). It was hoped that tying the MoS, up in a very fine-grained
composite with TiN might help retain its lubricating qualities at the higher temperatures, but
in light of the current results, is suspected that the MoS, was oxidized to form MoO;, a com-
pound not known to be an effective lubricant.

The decrease in friction at 700°C is encouraging for higher temperature applications. It might
initially be suspected that TiO,_,, a candidate solid lubricant, might have helped reduce the
friction at 700°C, but earlier results from Gardos on the friction of rutile single crystals at
various temperatures and partial pressures indicated that friction coefficients of about 0.6 to
0.8 were typical of that material in air at 700°C [9].

No chemical analysis data were available for the high-temperature wear-tested specimens,
and the specific composition of the wear surface layers from the elevated temperature tests
must remain for future study. Nevertheless, there is good reason to suspect that the tribo-
chemistry of the elevated temperature wear surfaces was a major influence in the coating
behavior. In particular, the formation of lubricious oxides on the surface is known to reduce
sliding friction in metals and some ceramics, however, it is not clear that such oxides, once
formed, would resist wear very well.

Finally, a comment should be made regarding the type of tests used to evaluate these coatings.
The contact conditions in the present experiments were relatively severe (ball-on-flat). It is
possible that the composite coatings would perform better in a conformal contact situation, like
that of journal bearing, face seal, or bushing. Thus, the current results suggest that the coatings
may not be appropriate for highly-concentrated sliding conditions as might occur in non-con-
formal contacts unless improvements in homogeneity are made through further process
development.

Summary and Conclusions

Composite, self-lubricating coatings have been produced by CVD on titanium alloy sub-
strates. The coatings contained very fine-grained mixtures of TiN and MoS,. The composite
composition seemed to adhere better compared to MoS, CVD coatings alone. While low initial
friction coefficients (0.07 to 0.20, typically) were obtained against silicon-nitride sliders, longer-
term behavior was quite variable. The latter result is attributed to coating heterogeneity, a
subject that needs to be addressed in future development of this coating system.

Friction force-time traces indicate that the wear-through of the coating usually is not an
instantaneous event, but rather progresses through a series of stages. Thus, the benefits of the
lubrication with the coating persist even when some of the substrate has been exposed.

While the composite coatings show promise for room and elevated temperature applications
at 300 and 700°C, test resuits at 400°C indicate that use at this temperature is not favored from
a high-friction standpoint. Differences in the oxide compositions and the debris layers formed
at different temperatures are suggested as the reason for this behavior. In particular, the for-
mation of lubricious oxides may reduce friction coefficients at 700°C, but experimental vali-
dation of this hypothesis and data on the durability of the oxide films at that temperature have
yet to be obtained.
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ABSTRACT: The effect of laser surface-melting on the friction and wear of detonation gun-
sprayed (W, Ti)C-Ni (tungsten and titanium carbide-nickel) and WC-Co (tungsten carbide-co-
balt) ceramic coatings on AISI 1044 steel and Ti-6A1-4V substrates was studied. The coated
surfaces were melted using a 1.5 kW CO, laser with a power setting of 1.4 kW and travel speed
of 0.01 m/s. The changes in microstructure and microhardness due to the laser treatment were
examined. The melted layers were found to be full of dispersed pores that started 65 to 70 wm
below the surface. The surface hardness of (W, Ti)C-Ni coated specimens either decreased or
remained constant after surface melting; however, the hardness of WC-Co coated specimens
increased. Dry sliding friction and wear tests were conducted in a block-on-ring wear tester, with
the coated specimens as block specimens and hardened tool steel as the ring specimen. The width
of both the ring and the block was 6.35 mm. The test conditions were 4 m/s sliding speed and
4.9 N load. It was found that as a result of laser treatment the wear resistance of WC-Co coating
increased, but that of (W, Ti)C-Ni coating decreased. Scanning electron microscopy of the wear
surfaces showed that the micromechanisms of wear were cracking and material disintegration
from the edges of the cracks and holes.

KEYWORDS: carbide coatings, laser treatment, friction properties, wear testing, microstructure,
hardness testing, wear mechanisms, surface coatings, surface treatments

Laser treatment is particularly suitable for surface alloying by using preplaced powder or a
coating and then melting the surface by a laser beam. When hard carbide particles were intro-
duced into the melted surface layers of titanium and aluminum alloys, the composite surface
layers consisting of hard carbide phases embedded in the matrix of the base materials were
formed [1]. These surface treatments were found to improve the wear resistance.

The effect of laser surface treatment on plasma-sprayed alumina and zirconia coatings has
been studied. It was reported that the laser-treated layer of the coating recrystallizes and be-
comes denser [2,3]. In the case of thin coatings (3 um thickness or less), laser surface treatment
has been reported to harden the substrate without destroying the coating [4]. It would also be
expected that laser heating would enable the coating material to diffuse into the substrate and
thus produce a stronger bond.

In our earlier study [5] on the friction and wear behavior of (W, Ti)C-Ni (tungsten and
titanium carbide-nickel) and WC-Co (tungsten carbide-cobalt) coatings on steel and titanium
substrates, it was found that the coatings were very effective in improving the wear resistance.
Since delamination was found to be the dominant mechanism of material removal, it was
decided in the present work to melt these coatings into the substrate by laser heating and thereby
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achieve a stronger bond between the coatings and the substrate materials. This treatment was
expected to reduce delamination and thereby enhance the wear resistance.

Experimental Procedure

Two types of ceramic coatings were deposited by the Union Carbide Corporation by D-Gun
process on 1044 steel and Ti-6A1-4V surfaces. The WT-1 coating consisted of 83% (W, Ti)
carbide with 17% Ni as binder, and the LW-1N40 coating had 83% W, 3% C, and 14% Co as
binder. These percentages are by weight. The thickness of the coatings was 325 to 400 um.
The porosity of as-deposited coatings was not more than 1% by volume. The coated specimens
were in the form of blocks with dimensions as 6.35 by 12 by 10 mm where the 6.35 by 12 mm
face had the coating on it.

The coated surfaces were melted using a continuous-wave 1.5-kW CQO, laser with the power
setting of 1.4 kW and travel speed of 0.01 m/s. The laser beam was focused on the specimen
surface with a lens of 190.5 mm focal length and oscillated by the scanner. It focused to a
small spot of 0.25 mm diameter. As the beam was oscillated by the scanner, the spot rotated
in an elliptical path of 3 by 2 mm. The heated surface region was shielded by argon gas.

The laser-melted surface was afterwards ground to a depth of 100 wm. It was then finished
with 600 grit silicon-carbide wet paper for wear testing.

Sliding wear tests were run in a block-on-ring configuration in which the block with the
treated surface rode on the periphery of the ring. The size of the ring was 70 mm diameter and
6.35 mm thick. The ring was made of tool steel that was heat treated to a hardness of 58 to 62
HRC. The conditions used for wear tests were a sliding speed of 4 m/s and a normal load of
4.9 N. The tests in duplicate were run for 8 h that corresponded to a sliding distance of 115.2
km. The tests were run in ambient air with about 35% relative humidity (RH).

The worn block surfaces were coated with a thin layer of gold and studied by scanning
electron microscopy. For microhardness measurements and metallographic examination, the
specimen cross sections were polished using silicon-carbide wet paper and diamond paste. The
hardness measurements were made using a load of 9.8 N (1 kg). The polished specimens were
etched for microstructural studies of both the coating and the substrate. The etchants for the
coatings and the steel and titanium substrates were Murakami’s reagent, nital, and Keller’s
reagent, respectively.

Results and Discussion
Microstructure

The laser-melted surfaces were shiny and full of striations and ripples. There was neither
cracking nor coating segmentation apparent on these surfaces. The cross sections of the coated
specimens before and after laser treatment are shown in Figs. 1 to 4. Prior to laser treatment,
the coatings exhibited a lamellar structure that resulted from the detonation gun-spraying pro-
cess. There is a distinct boundary between the coating and the substrate with no indication of
diffusion between the two from detonation gun spraying.

In the case of the 1044 steel substrate specimens (Figs. 1 and 2), neither the lower part of
the coating nor the substrate was affected by laser surface-melting. The laser treatment affected
the coatings to a depth of 175 to 275 um. The affected layers are full of dispersed pores that
start at a small depth below the surface. The lamellar structure of the coating became more
10stropic within the affected layer. The carbide size distribution in the laser-melted region of
the WT-1 coating is more uniform than that in the as-received specimen (Fig. 5). Such a
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FIG. {—Cross sections of the WT-1 coated specimens with the 1044 steel substrate: (a) as-re-
ceived, (b) laser surface-melted.



38 EFFECT OF SURFACE COATINGS AND TREATMENTS ON WEAR

FIG. 2—Cross sections of the LW-IN40 coated specimens with the 1044 steel substrate: (a) as-
received and (b) laser surface-melted.
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FIG. 3—Cross sections of WT-1 coated specimens with the Ti-6A1-4V substrate: (a} as-received
and (b) laser surface-melted.

homogenization has been reported [6] to occur because of the dissolution of nonequilibrium
complex (W, Ti)C phases in the binder during melting and later the precipitation of equilibrium
carbide phases on cooling. The dendritic carbide grains are also seen in this region. Figure 6
shows the laser-melted LW-1N40 coating in which the size of angular tungsten carbide grains
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FIG. 4—Cross sections of the LW-IN40 coated specimens with the Ti-6A1-4V substrate: (a) as-
received and (b) laser surface-melted.

formed on resolidification is larger than that seen in the untreated coating. It also shows finely
dispersed n-carbide precipitates within the binder material. The precipitation occurred because
of the supersaturation of tungsten and carbon in the binder as a result of the fast cooling
following laser melting [6,7].

In the case of specimens with Ti-6A1-4V substrate, laser melting affected both the coatings
and the substrate, as seen in Figs. 3b and 4b. Three regions can be seen here: the coating, the
interlayer, and the substrate. The coating is full of dispersed pores that start at a depth of 65 to
70 um below the surface. The top surface of the WT-1 coating on the Ti-6A1-4V substrate
(Fig. 3b) exhibits recrystallization and homogenization similar to that observed for this coating
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FIG. 5—Micrographs showing the cross sections of the WT-1 coating on the 1044 steel substrate:
1) as-received and (b) laser surface-melted.
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FIG. 6—Micrographs showing the cross sections of the LW-1N40 coating on the 1044 steel sub-
strate: (a) as-received and (b) laser surface-melted.

on the 1044 steel substrate. Beneath this uniform layer are located the pores of different sizes
and then the coating with a somewhat reduced lamellar structure, as seen by the comparison
between Fig. 3¢ and b. The interlayer is less than 25 pm thick, and its structure is produced
as a result of diffusion between the coating and the substrate material. There are some pores
present in this layer as well.
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The substrate microstructure transformed to a o’ martensite because of rapid cooling after
heating. Figure 4b shows the cross section of the laser-melted LW-1N40 coating on the
Ti-6A1-4V substrate. The carbide grain growth and m-carbide phase precipitation in the
cobalt binder are similar to those described earlier for the LW-1N40 coating on the steel
substrate, The dispersed pores, an interlayer, and ' martensite in the substrate were also
observed.

Hardness

The microhardness profiles for the as-received coated and laser surface-melted specimens
are shown in Figs. 7 to 10. For the WT-1 coating on steel and titanium substrates (Figs. 7 and
8), the surface hardness of the laser-treated specimens is either equal to or lower than that of
the original coating hardness. The decrease in hardness in the laser-melted coating region results
from excessive porosity in the upper layers. For the LW-1N40 coating (Figs. 9 and 10), the
coating hardness increases on laser melting. Since the hardness of the WC-Co alloy decreases
with increasing carbide size [8], as was also observed in this work, the increased hardness must
be due to the precipitation of the fine n-phase in the cobalt binder.

Friction and Wear

Sliding tests were run on the laser-melted surfaces after grinding to a depth of 100 wm
followed by polishing, because the melted surfaces were too rough. The wear behavior of the
as-received and the laser surface-melted specimens is shown in Figs. 11 and 12. It can be seen
that the wear resistance of the WT-1 coating decreases while that of the LW-1N40 coating
increases as a result of laser melting and the coefficient of friction increases slightly
(Fig. 13).

Since the hardness of the WT-1 coated specimen on the titanium substrate remained the same
for laser melting (Fig. 8), the increase in wear rate of the laser-melted WT-1 coatings on both
the titanium and steel substrates is attributed to the high porosity produced in the melted regions.
Because most of the pores were located at about a 100-pm depth below the laser-treated surface,
specimen preparation by grinding virtually exposed these holes to the finished surface that was
subjected to sliding wear. For the LW-1N40 coating, the hardness of the laser-treated coating
layer was larger than that of the untreated coating (Figs. 9 and 10). The decrease in wear rate
from laser treatment is thus attributed to the increased hardness because of n-carbide precipi-
tation in the binder material. There was porosity in this coating too, but the pores were distrib-
uted fairly uniformly throughout the thickness, and the surface that resulted after removal of a
100-um-thick layer from grinding was not affected by porosity as much as the WT-1 coating.
The coefficient of friction also increased for laser treatment, possibly because the increased
porosity made the surface rougher. Because of this, the deformation component of friction
increased.

The wear volumes of the laser-treated blocks and the tool-steel rings are compared in Fig.
14. The ring wear is invariably higher than the block wear and is about the same in all cases.
This is so because the carbide coatings are more wear-resistant than the tool steel, as would be
expected.

Wear Mechanisms

The wear mechanisms were investigated by examination of the wear surfaces. Figure 15
shows cracks and holes on a laser-treated WT-1 coating surface. Cracks were observed all over
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the surface as well as material disintegration. The holes presumably resulted from the porosity
that developed during laser melting. The cracks seem to have developed as an interconnecting
network between the holes, as seen in Fig. 16. Energy-dispersive X-ray analysis (EDXA)
indicated the transfer of ring material in the location of the dark spots in Fig. 16. Similar features
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FIG. 7—Microhardness profiles of the as-received and laser surface-melted WT-1 coated 1044
steel specimens.
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FIG. 8—Microhardness profiles of the as-received and laser surface-melted WT-1 coated Ti-6A1-
4V specimens.

were also observed on the worn surface of the laser-treated WT-1 coating on the Ti-6A1-4V
substrate. From these observations, it was concluded that the wear mechanisms were cracking
and material disintegration from the edges of the cracks and holes.

Figure 17 shows the features on the worn surface of the laser-treated LW-1N40 coating on
the 1044 steel substrate. The surface exhibits intensive carcking. EDXA of Location A indicated
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FIG. 9—Microhardness profiles of the as-received and laser surface-melted LW-1N40 coated steel
specimens.

the presence of tungsten, iron, and oxygen. This led us to conclude that material was transferred
from the tool steel ring to the block surface and was oxidized in the process. The transferred
material helped in reducing the damage on the block surface during sliding. There is no indi-
cation of material disintegration from the crack edges, as was observed for the WT-1 coating.
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FIG. 10—Microhardness profiles of the as-received and laser surface-melted LW-IN40 coated
Ti-6A1-4V specimens.
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Even though porosity was observed in the laser-treated LW-1N40 coating, no holes can be seen
on the worn surface. The holes were probably filled and covered with the material transferred
from the mating surface. Similar features were also observed on the worn surface of the laser-
treated LW-1N40 coating on the Ti-6A1-4V substrate. Based on these observations, it was
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surface-melting: (a) WT-1 and (b) LW-1N40 (sliding speed = 4 m/s and normal load = 4.9 N).

concluded that wear of the laser-melted LW-1N40 coating was reduced because of increased
hardness, carbide precipitation in the binder material, and protection from material transferred
from the ring. Furthermore, the mechanisms of wear were adhesion, cracking, and compaction

of the transferred material.
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FIG. 12—Comparison between the wear loss versus sliding distance behaviors for the coated Ti-
6A1-4V specimens with and without laser surface-melting: (a) WI-1 and (b} LW-1N40 (sliding speed
= 4 m/s, normal load = 4.9 N).
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FIG. 15—SEM micrograph showing the worn surface of the laser-melted WT-1 coating on the
1044 steel substrate (sliding direction of the mating surface is from left to right).

{5KV  X1,500 10pn WD36

FIG. 16-—-SEM micrograph showing the worn surfuce of the laser-melted WT-1 coating on the
1044 steel substrate (sliding direction of the mating surface is from left to right).
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FIG. 17—SEM micrograph showing the worn surface of the laser-melted LW-IN40 coating on
the 1044 steel substrate (sliding direction of the mating surface is from right to left).

Conclusions

1. Laser surface melting of the carbide coatings on a Ti-6A1-4V substrate resulted in alter-
ation of the lamellar coating structure, the development of an interlayer, the transformation to
a’ martensite in the near-coating substrate, and the generation of porosity in the melted region.
When the substrate was a 1044 steel, neither the development of an interlayer nor martensitic
transformation in the substrate microstructure occurred.

2. The hardness of the WT-1 coated surface either decreased or remained unaltered after
laser melting while the hardness of the LW-1N40 coated surface increased.

3. As a result of laser treatment, the wear of the WT-1 coated surface increased while that
of the LW-1N40 coated surface decreased. The transfer of material from the tool steel ring to
the coated surface of the block occurred in both cases.

4. The mechanisms of sliding wear for the laser-treated WT-1 coating were cracking and
material disintegration from the edges of the cracks and holes. For the LW-1N40 coating, the
mechanisms of wear were adhesion, cracking, and compaction of the transferred material.
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ABSTRACT: Three different hard surface coatings, that is, TiN, so-called diamond-like carbon
(DLC) on steel substrates, and polycrystalline diamond on cemented carbide substrates, have
been tested and compared under conditions of low-amplitude fretting. The displacement ampli-
tudes were chosen to cover the partial slip regime and the lower part of the gross slip regime,
with some emphasis on identifying the critical conditions for incipient gross slip (IGS). A giant-
magnetostrictive actuator has been used, allowing extremely well-controlled testing conditions,
typical of the partial-slip fretting regime. The relative displacement between the vibrating spec-
imens was measured with an optical technique, capable of a resolution of 2 nm. The displacement
and the tangential forces active in the contact surface were recorded as functions of time. Based
on these data, post-experiment off-line computation was used for identifying IGS parameter
values. Two- and three-dimensional fretting maps were constructed. The fretting scar morphology
was studied by scanning electron microscopy. Fretting mechanisms were clarified by compari-
sons between the recorded test data and the structural damage revealed by the surface studies.

KEYWORDS: surface coatings, surface treatments, wear testing, fretting, fretting maps, low-
amplitude fretting, partial slip, gross slip, incipient gross slip, scanning electron microscopy, scar
morphology

Mechanical vibrations can enhance the surface damage of contacting bodies due to oscillatory
relative motion in the contact zone. At low displacement amplitudes, this is referred to as
“fretting.” According to the elastic model for contacting surface elements, suggested by Cat-
taneo [/] and Mindlin [2], the size of the contact zone is related to the normal load in the
contact and the radii of curvature of the contact elements. Normal contact between engineering
surfaces is established at a number (three or more) of contact patches scattered over the nominal
contact area. For a sphere-on-flat contact configuration, after the application of a tangential
force, f,, the contact circle of radius, g, is subdivided into a central stick zone of radius, a’ <
a, surrounded by a slip annulus of width, a-a’ (Fig. 1). The radius, a’, of the stick zone can be
expressed in f, as

a = a{l - fiuf,}'"? (1)
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Slip
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FIG. 1-—Mixed stick-slip contact conditions for circular geometry.

where f, is the normal force and p is the coefficient of friction. If the applied tangential force
is a function, f,(r), of time, , and oscillates at a frequency, v (see Eq 5), ¢’ will oscillate with
the same frequency. These are the contact conditions characteristic of the partial slip regime
in fretting. The radius of the stick zone decreases with increasing f,, and will become zero for
forces above a critical value, f, ., given by

foer = 0 (€))

The vanishing of the stick zone is referred to as incipient gross slip (IGS) and constitutes the
transfer from conditions of partial slip to conditions of gross slip. If the amplitude of £.() is
higher than the critical value, a’ will vanish and gross slip will be reached once per half-cycle.

The mixed stick-slip conditions are characterized by high stress concentrations at the stick-
slip boundary [c], promoting nucleation and growth of contact fatigue cracks, while the gross
slip conditions above IGS will correspond to fretting wear.

Hard surface coatings are widely used for reduction of sliding wear. Recent studies have
shown, however, that the damage of TiN coatings under low-frequency fretting conditions can
be severe [4]. There is a general lack of information about the behavior of hard coatings under
fretting conditions, and the present report deals with a study of the fretting properties of a
number of hard coatings: TiN, diamond-like carbon (DLC), and polycrystalline diamond. In
the characterization of tangential surface vibrations, the type of damage that prevails for a
certain vibrational amplitude is often of central interest, and therefore, there is a need for testing
within a range that covers the transition from partial to gross slip. The results are summarized
and discussed in terms of fretting maps.

Fretting Test Matrix and Fretting Maps

In addition to parameters related to materials and environment, there are five main variables/
parameters that control fretting testing. They can be described in a Cartesian system, with the
x-y plane in the contact surface, and the x axis in the direction of the applied tangential force.
The testing parameters then are: the normal force, f; tangential force, f;; displacement, d;
applied frequency, v; and number of cycles, n. These five parameters define the fretting matrix.
The characterization of the multi-parameter dependence in the fretting process is complex, and
the simulation is generally done with one parameter varied at a time, having all the others fixed.
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The determination of the critical IGS parameters for different combinations of testing variables
enables the construction of fretting maps, showing the fretting damage regimes, as a function
of selected parameters in the fretting matrix. A “fretting map” is any two-dimensional or three-
dimensional section through the fretting matrix, with the critical IGS conditions represented by
a curve or a surface, separating a regime of partial slip from a regime of gross slip [5,6]. Once
the relevant fretting maps for a tribosystem are established, in principle, it is possible to control
the fretting process by parameter selection to confine the damage characteristics.

Experimental Procedure
Materials

The TiN and DLC coatings were deposited on flat substrates of high-speed tool steel (ASP23)
heat treated to HRC 66. The substrates were mechanically polished before deposition. The TiN
coating was deposited by a triode ion-plating process to a nominal thickness of 5 um and a
surface roughness 0.045 um R,. The DLC coating was deposited to a nominal thickness of 1.6
#m in a radio frequency plasma-assisted chemical vapor disposition (PACVD) system. The
diamond coating was deposited on a cemented carbide substrate to a nominal thickness of 1
pm, using the hot-flame method [7]. The counter bodies used in the fretting tests were corun-
dum (a-A1,05) spheres of 10-mm diameter.

Equipment and Testing Parameters

The fretting simulator, described in detail elsewhere [8], was designed for vibrations of low-
amplitude displacements. It consists of a computer-controlled actuator for tangential displace-
ments in the order of 0.1 to 10 um and 3 kHz frequency response. It can generate and record
displacements with a resolution of 2 nm. The actuator is based on a giant-magnetostrictive
vibrator rod, the elongation of which can be accurately controlled by an alternating current
through a coil, surrounding the rod. The upper limit of the displacement amplitude depends on
the applied normal load and frequency. Frequency and displacement amplitude can be varied
independently in the simulator.

The specimen configuration is a vibrating alumina sphere (the “vibrating specimen”) pressed
against a flat, coated specimen (the “stationary” specimen) by a normal force applied as a dead
weight by a lever system. The tangential displacements of both the vibrating and the stationary
specimens are recorded by two optical probes, measuring variations in the intensity of light
reflected against polished parts of the specimen surfaces. The normal and tangential forces are
recorded by a piezoelectric strain gage situated in the stationary specimen holder.

The mechanical system, designed to support the machine elements and to transfer loads, is
optimized to reduce all system-induced vibrations of the stationary specimen, and particularly
to minimize resonances at frequencies close to the externally applied testing frequency, v.
Nevertheless, the fretting contact itself will necessarily generate vibrations of the applied fre-
quency, v. These effects, however, are eliminated by recording the difference between the two
displacement signals, representing the true relative specimen-to-specimen displacement. It is
of vital importance to measure the “relative” displacement in the case of low-amplitude fretting,
since the test-induced vibrations can have amplitudes of the same order as that of the vibrating
specimen.

The five active input/output variables of the simulator are as follows:

The Applied Frequency, v—The applied frequency, v, is a pre-set constant for each test
run, and is an input to the simulator. However, machine-induced vibrations of other frequencies
may occur.
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The Number of Applied Cycles n—During a test, the number of applied cycles, n, is pro-
portional to the time, ¢, according to

n=v-t 3)

where ¢ is the independent variable in all recordings.
The Normal Force, f,—The normal force, f,, although generally considered equal to the
constant, externally applied dead weight, is a function of time according to

f) =L+ g() G

where L represents the dead weight, and g(¢) represents induced vibrations of frequency, v,
from the applied tangential force, f,, and of other frequencies from stick-slip phenomena in the
test zone and from remaining machine-induced vibrations.

The Tangential Force, f,, and Displacement—The tangential force, f,, and displacement,

d, are the recorded raw data in the experiments. They have sinusoidal components
S = F, - sinwt (w = 2v) 5)
d(t) = D - sin(wt + ®) (® = phase difference) 6)

with amplitudes F, and D. Both are controlled by the actuator coil current of the vibrator. The
analogue f,(f) and d(r) signals are filtered and recorded as digital storage for post-experiment
off-line analysis.

Testing

It is obvious from the preceding review of the five-dimensional test space that the measur-
ables in the present type of testing are the forces and the relative displacement, and all exper-
imental information is, in fact, contained in the recorded and stored f,(¢), f,(#), and d(¢) curves.
Other types of information must be retrieved by post-experiment, off-line computer calculations
from the recorded data. Therefore, the experiments must be so designed that the relevant
changes in the recorded variables, which are strongly interrelated, really are covered within the
experimental ranges.

The basic IGS criterion is that the transition from partial slip to gross slip implies a corre-
sponding drop in friction coefficient from the (higher) static value to the (lower) kinetic value.
This should be detectable by comparing the successive and interrelated development of the
tangential force, F,, and displacement, D, amplitudes, respectively, during an experiment with
gradually increasing D. In order to make sure that IGS criteria could be identified off-line, the
following experimental procedure was chosen.

For each constant pre-set pair of L and v, a series of programmed tests were carried out,
starting with a low-displacement amplitude, set to be safely below the critical value, D,. The
amplitude was then increased incrementally, and the experiment was continued to a displace-
ment amplitude, D, set to be safely above D, or until the maximum coil current was reached.
The frequency was varied from 70 to 3000 Hz, and four different normal loads at 2.8, 4.3, 5.7,
and 8.7 N were maintained. Each experiment was repeated from four to ten times to obtain
statistical significance in critical parameters. The same series of tests was then repeated for
each coating. All tests were performed in air of ambient pressure, a temperature of 25°C, and
a relative humidity of 60%.
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On-Line Measurements

The basic raw data measured and recorded are the f,(¢) and d(¢) curves. The measurement is
continuous, but the recording is intermittent due to the memory constraints of the controller.
Examples of typical d(f) and f,(¢) curves are given in Figs. 2 and 3. The d(¢) curves generally
have a nearly undistorted sinusoidal shape, whereas the f,(f) curves may display a variety of
distortions. However, the amplitudes can always be retrieved from the stored data.

Because of the interest in the transition from partial slip to gross slip, that is, the critical IGS
parameter values, the amplitudes of the force and displacement signals were recorded over the
whole span of the experiment at known intervals. In the beginning of an experimental run, the
time between recording of signals was kept short to allow for observation of changes in
the contact area, whereas later in the experiment a longer time interval could be used without
losing information about onset of IGS, etc.

Off-Line Analysis

The critical parameters can be deduced by retrieving the F, and D amplitude values, and
plotting their development during a test. Once the critical parameter values were calculated for
the fretting matrix, fretting maps were constructed as a function of frequency, v, and normal
load, L.

As ex situ characterization, scar morphology studies were done with light optical microscopy
and scanning electron microscopy. The DLC coatings were gold plated for scanning electron
microscopy (SEM) studies to avoid charging.
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FIG. 2—Example of d(t) curve for TiN coating, in partial slip conditions, after 2.3 X 10° cycles;
v =600 Hz and L = 8.7 N.
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FIG. 3—Example of £(t) curve for DLC coating, in partial slip conditions, after 2.1 X 10 cycles;
v=1kHzand L =87 N.

Results
1GS Criteria

The reduction in friction coefficient for a continuously increasing actuator coil current is
revealed as follows. At the beginning of the test run, both the F, and D amplitudes will increase
with coil current amplitude. When IGS conditions are reached, F, will approach a constant
value or decrease more or less abruptly, while D continues to increase. Two different data
representations can be used to visualize this F,-D interrelationship: F,(n) - D(n) amplitude co-
plots, and F,(D) plots.

F,(n) and D(n) Co-Plots

Figure 4 shows a typical amplitude co-plot of F, and D versus number of cycles, n, for a
TiN specimen fretted with 8.7 N applied normal load and a frequency of 600 Hz. It can be
seen that the force amplitude (dashed curve) increases with the coil current until it reaches a
peak value of 10.1 N after about 435 000 cycles. At that point, the displacement amplitude
(full curve) reached 1.9 um, and continued to increase, whereas the force curve becomes
increasingly scattered after a steep drop. Thus, the critical IGS coordinates are F, ., = 10.1 N
and D, = 1.9 pum.

Because the applied amplitudes were gradually increased during the experiment, this type
of figure also, implicitly, contains information about the influence of the increasing number of
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FIG. 4—Example of F,(n)-D(n) amplitude co-plot for TiN coating; v = 600 Hz and L. = 8.7 N.

cycles, n. It is seen in Fig. 4 that both curves become more and more irregular and display
strong serrations after 435 000 cycles. This reflects the fact that, after IGS is reached, the
transition of mechanism from predominantly contact fatigue to fretting wear will generate a
gradual degradation to a rougher topography of the contact surfaces.

F,(D) Plots

Figure 5 is based on the same data points as Fig. 4, but plotted as an F, versus D diagram.
The critical IGS coordinates correspond to the commencement of a plateau in the F,(D) curve,
as indicated in the figure. The increasing fretting wear for displacements above IGS gives rise
to the increasing scatter of the data points. It should be pointed out, though, that the D axis
does not correspond directly to the » axis of Fig. 4. A later cycle may incidentally have a
smaller displacement amplitude than an earlier cycle, and the interpretation has to be performed
with some care.

The F,(n) - D(n) amplitude co-plots and F,(D) plots for the DLC coatings have essentially
the same features as those of the TiN coatings.

Figures 6 and 7 show critical parameter diagrams for the diamond coating, tested at a normal
load of 8.7 N, and at an applied frequency of 200 Hz. In this case IGS is reached around 55 000
cycles from the start, and F, then stays constant for another 50 000 cycles. After 100 000
cycles, however, unlike the case of the previous coatings, F, begins a second period of increase.
This is probably due to an increase in contact area, caused by wear of the corundum sphere,
as verified by SEM studies. The critical IGS coordinates are F, .. = 1.6 N and D, = 0.5 um,
obtained using both Figs. 6 and 7.
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FIG. 5—Example of F.(D) plot, for TiN coating; v = 600 Hz and L. = 8.7 N.
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FIG. 6—Example of F.(n)-D(n) amplitude co-plot, for diamond coating;, v = 200 Hz and L =
8.7 N.
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FIG. 7—Example of F(D) plot, for diamond coating; v = 200 Hz and L. = 8.7 N.

Scanning Electron Microscopy

The aim of the scar morphology studies is to clarify the relationships between the properties
of the coating material and its response to the vibrating contact in terms of the mechanisms of
surface damage. Three SEM micrographs of scars from the DLC coating have been selected
to demonstrate the influence of fretting regime on surface damage characteristics. Figure 8
represents a very low displacement amplitude, with stick conditions prevailing over the whole
contact zone (essentially no slip annulus). It can be seen that the vibrations have had a smooth-
ing effect on the coating, removing the “blistered” morphology of the unfretted background
surface, probably by plastic deformation. Figure 9 represents the partial slip regime, close to
the regime boundary. The coating has cracked and is being broken up. Some debris remain in
the contact zone. The effect of gross slip, finally, is shown in Fig. 10. The coating is worn to
a crater, at the center of which, where the contact pressure is highest, the substrate has been
uncovered and subjected to substantial fretting wear.

Fretting Maps

The applied vibration frequency, v, was varied in steps from 70 to 3000 Hz. For each material,
the critical amplitudes for IGS, determined using both types of diagrams (Figs. 4 or 5), can be
summarized as functions of frequency in F,(v) and D(v) two-dimensional fretting maps (for
constant applied normal load). Based on the definition of IGS, this type of fretting map shows
the extension of the two fretting regimes, with the IGS curve representing the regime boundary
between partial slip (below) and gross slip (above). The resulting maps are reproduced in Figs
11 through 14 for the TiN coatings, and Figs. 15 through 18 for the DLC coating. Each figure
represents one normal load and displays a pair of D(v) and F,(v) maps. A map is generally
based on ten tests for each frequency, the scatter being indicated by maximum and minimum
values (dashed curves), surrounding the mean value (full curve).
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FIG. 9—SEM micrograph of DLC coating, partial slip regime; v = 200 Hz and 1. = 8.7 N.
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FIG. 10—SEM micrograph of DLC coating, gross slip regime; v = 200 Hz and L = 8.7 N.

The investigation of the diamond coatings is in an early stage. The scatter of the results is
not yet statistically verified, and only mean value regime boundary curves are given. The result
is presented as three-dimensional fretting maps (Figs. 19 and 20), in which the regime boundary
is a surface in the F,(v,L) or D(v,L) space. Thus, each map represents all four normal loads, L,
as well as all the applied frequencies.

Discussion

Equation 1 is based on an elliptic stress distribution under elastic conditions, as assumed by
the Cattaneo-Mindlin model {{-3]. However, on a microscale, the yield stress—and often also
the fracture stress—is exceeded in asperity contact bridges. Plastic deformation will also occur
on a macroscale in practice in fretting, since the bulk yield stress is lowered by the simultaneous
action of both normal and tangential applied stresses [9]. A further weakness of the elastic
model is that it only describes homogeneous bodies and, thus, does not consider the departure
from Hertzian stress distribution in layered structures [/0]. Nevertheless, the model is an ex-
cellent tool for understanding the mechanics of fretting, and also works well for semi-quanti-
tative relationships between damage mechanisms and materials parameters. In the present pro-
ject, it forms the basis for working out fretting maps.

The ultimate scope for developing fretting maps is to make them available, via data bases,
to designers of machines or other tribo systems. Their primary application will be to provide
data, already at the design level, for control of the fretting damage with respect to the predom-
inant fretting process to be expected: fretting wear or contact fatigue.

In addition to this engineering goal, fretting maps also provide a background for gaining
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FIG. 17—Two-dimensional D(v) and F,(v) fretting maps for DLC coating; 1. = 5.7 N.
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FIG. 19—Three-dimensional D(v,L) fretting map for diamond coating.

basic insight into the behavior of materials under oscillating surface contacts. As an example
of this approach, compare the D(v) and F,(v) map pairs in each of Figs. 11 through 18. In most
of the F,(v) maps, there is an initial amplitude drop in the very lowest interval. In the 200 to
1000 Hz interval, however, there is always a steep increase in force amplitude with increasing
frequency. In all the D(v) maps, on the contrary, the displacement amplitude drops rapidly in
this frequency interval. This observation is valid for both materials, irrespective of normal load,
although the effect is less pronounced for the lowest and the highest loads in the TiN coating
(Figs. 11 and 14). This interrelationship between tangential force and displacement amplitudes
with respect to vibration frequency can be interpreted in terms of strain rate dependence. With
increasing frequency, the displacement velocity, and thereby the rate at which deformation
takes place or cracks propagate in the contact zone or both, the strain rate, will increase. The
observed decrease in displacement amplitude, related to an increase in the force amplitude with
increasing v, indicates that the adhesively bonded coating material in the stick zone is subjected
to strain rate hardening for amplitudes in the partial stick regime, where plastic deformation of
the contact zone is important. Correspondingly, the decrease in displacement will be associated
with a decrease in fracture strain for amplitudes in the gross slip regime, indicating a strain rate
embrittlement effect within this frequency range.

A similar, but reversed, effect is observed in the 1000 through 1500 Hz frequency range in
both materials and for all normal loads. Here, the force amplitude decreases with increasing
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FIG. 20—Three-dimensional F,(v,L) fretting map for diamond coating.

strain rate, for a mainly unchanged, or slightly decreasing, displacement. An explanation can
be sought in the fact that the increase in frequency also implies an increase in power con-
sumption in the contact zone, leading to a temperature rise. The observed decrease in force
amplitude, necessary to achieve the unchanged strain (displacement amplitude), indicates a
thermal softening effect.

According to this successive hardening-softening model, the F,(v) “bump” in the 500 through
1500 Hz interval is an example of the well-known effect of two competing mechanisms, both
depending on the same variable (the frequency in the present case), but each dominating and
having opposite effects in adjacent intervals.

The suggested thermal softening can also be discussed in terms of the actual temperature
increase, induced by the mechanical work, done on the contact zone during fretting. The “fret-
ting work™ can be calculated as the surface area of the fretting loop, that is, the hysteresis loop
defined by one cycle of a f,(d) plot. This is done on a routine basis by off-line calculations in
our equipment, and the values obtained are of the order of uJ/cycle under the present conditions.
Standard temperature calculations, taking heat conduction to the entire test body into account,
generally render practically negligible temperature increases. However, it is well known that
the “flash temperature” of so-called hot spots, representing momentary asperity contacts and
measured by pyrometric methods, can be quite high. This favors the assumption that, during a
short time, most of the fretting energy is dissipated only in the small volume of material in
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a contact bridge (asperity). The present indications of thermal softening in certain frequency
intervals are in agreement with the idea that flash temperatures can reach substantial fractions
of the melting temperature even in hard materials such as those of the present coatings.

Conclusions

The results prove that it is possible to identify criteria for incipient gross slip in fretting
based on changes in tangential force amplitude during experiments with gradually increasing
diplacement amplitude. The validity of these criteria could be verified by SEM studies of
damage mechanisms in the fretting scars. The critical amplitudes for IGS can be used to plot
fretting maps, describing the boundary between the partial slip and the gross slip regimes in
two- and three-dimensional graphs. Comparisons between different fretting maps can render
information on mechanical behavior and deformation phenomena such as thermal softening,
and strain rate hardening and embrittlement.
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ABSTRACT: Laboratory fretting testing is an appropriate method to investigate the friction and
wear behaviors of hard coating materials in vibrating contacts under specified conditions. Such
testing can help to select the most suitable coating for a specific application. Furthermore, it can
assist in optimizing the coating deposition process. A conceptual framework for modeling lab-
oratory fretting testing is presented together with test equipment and experimental methods for
on-line mechanical analysis and off-line material degradation analysis. The application of these
concepts is demonstrated for two hard coating types, namely, physical vapor deposition (PVD)
TiN and chemical vapor deposition (CVD) diamond coatings. The influence of the fretting con-
ditions on the mechanical contact response as well as on the materials modification induced in
the contact is analyzed. The effect of third bodies, tribochemical reactions, and residual stress
on the friction and wear behavior of these hard coatings is discussed.

KEYWORDS: surface coatings, surface treatments, wear testing, hard coatings, fretting wear
protection, friction properties, contact fatigue, tribochemistry

Material contacts subjected to vibrations can respond with a small oscillatory relative dis-
placement at the contact interface resulting in wear or in the initiation of cracks by cyclic
contact stresses [1,2]. The material degradation due to sliding in vibrating contacts is also known
as fretting wear. Crack initiation, on the other hand, is attributed to contact fatigue. The practical
importance of these material degradation processes attracts widespread concern in industry.
Fretting wear and contact fatigue cause problems in, for example, aerospace, power generation,
ground transportation, and medical implants. The use of hard coatings is considered to be a
promising approach to control friction and to reduce wear in vibrating unlubricated contacts
[3]. Nevertheless, practical experience as well as laboratory simulations have shown that hard
coatings can degrade in vibrating contacts [4]. It is therefore of interest to identify critical
fretting conditions for hard coatings by laboratory testing. Coating selection criteria in view of
a specific application can then be developed from such tests.

In this work, the potentiality of fretting testing in evaluating the tribological behavior of hard
coatings is demonstrated for physical vapor deposition (PVD) TiN and chemical vapor depo-
sition (CVD) diamond coatings. The observed mechanical contact response as well as the
materials modification are interpreted using established and newly developed modeling con-
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cepts in fretting. Friction and wear mechanisms under various testing conditions are derived.
The effect of third bodies (particle debris, transfer layers), tribochemical reactions, and residual
stress in that respect is discussed.

Concepts in Fretting Research

The friction and wear behaviors of materials in vibrating contacts are determined by me-
chanical contact conditions, environmental conditions, and material properties. Each of these
aspects introduces a number of basic fretting variables making fretting a true system property.
The simultaneous interaction of many fretting variables has to be encountered in practical
applications. Such a condition matrix can usually not be identically simulated in laboratory
experiments. A considerable simplification is required to achieve a high reproducibility and to
permit the detailed analysis of the mechanical contact response and the material degradation.
Therefore, a conceptual framework is defined in the following to assist the setup of laboratory
fretting tests and to support the evaluation of these experiments.

Fretting Modes

Contact vibrations are often induced by cyclic accelerations, cyclic stresses, acoustical noise,
or by thermal cycling. The displacement field of an arbitrary vibration can be decomposed into
three basic “fretting modes” characterized by a linear, radial, or circumferential trajectory.
These trajectories and the possible methods of actuation are schematically shown in Fig. 1 for
a ball-on-flat model contact [5].

Most of the laboratory fretting experiments reported in the literature have been performed
with a linear displacement trajectory (Mode I). The imposed normal force, displacement stroke,
and vibration frequency are the external mechanical variables in such vibrating contacts. Mode
I fretting is likely to occur in systems with one degree of freedom such as linearly guided
components.

A contact vibration with radial displacement trajectory (Mode II) can be induced by a pe-
riodically varying contact load. The induced relative displacement stroke is zero in the contact
center and reaches a maximum value at the contact periphery. The maximum displacement
stroke for a given materials contact depends on the minimum contact load as well as on the
load amplitude [5]. Mode II fretting is encountered in practice, for example, in ball bearing
applications and is also known as “false brinelling.”

A relative displacement field of circumferential trajectory (Mode III) is induced when an
oscillating torsional couple is applied. The circumferential displacement stroke gradually in-
creases from zero at the pivot point to a maximum value at the contact periphery. Mode 111
fretting experiments have been reported by Kennedy el al. [6].

The fretting mode, the size of the contact area, and the contact dynamics determine the
exposure time of the contact zone to the surrounding test atmosphere during a vibration cycle
[7]. Modes I and II, the contact exposure, f..,, approaches a value corresponding to the vibration
period, 1/f, at the contact periphery whereas it remains zero over the whole contact zone in the
case of Mode III fretting. The minimum contact exposure in Mode I fretting is determined by
the contact radius, a, the linear displacement stroke, D, and the vibration frequency, f (Fig. 1).
It becomes zero when the displacement stroke is smaller than the contact diameter (D < 2a).
In this respect, it is important to clearly define these variables when simulating contact vibra-
tions occurring in field practice.
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FIG. 1—Definition of the three basic fretting modes for a ball-on-flat model contact and methods
of actuation (D = linear displacement stroke, F, = normal force, M, = torsional couple, f =
vibration frequency, a = contact radius, and t.,, = contact exposure).
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Fretting Regimes

Analysis of the mechanical response and the damage morphology developed in Mode I
fretting testing has led to the definition of three fretting regimes [8-10). In the gross-slip regime,
sliding between the mating solids occurs across the whole contact interface. In the partial-slip
regime, sliding is confined to an outer ring-shaped zone called “slip annulus” whereas the inner
contact zone called “stick zone” deforms only elastically. The elastic-stick regime becomes
dominant when the width of the slip annulus approaches zero. The occutrence of these regimes
in a vibrating materials contact depends on the combination of the normal force, displacement
stroke, and vibration frequency. The gross-slip regime is generally not to be observed for Modes
II and III contact vibrations since the relative contact displacement gradually approaches zero
towards the contact center and, consequently, some part of the contact zone remains sticking.
Generally, a decreasing displacement stroke and an increasing contact load promote the oc-
currence of sticking in vibrating contacts [9]. In contacts subjected to partial-slip, wear does
not occur uniformly across the fretting zone but is confined to the slip annulus.

Velocity Accommodation Mechanisms

The tangential force opposing the relative velocity in a vibrating contact is determined by
the active velocity accommodation mechanism and by the properties of the materials involved
[10-12]. Velocity accommodation either occurs directly between the mating solids or involves
a third body present in the contact zone in the form of transfer layers, surface reaction layers,
or wear particles. Berthier et al. {/2] have developed a unique classification of velocity accom-
modation mechanisms in a vibrating contact. Four basic accommodation modes such as elastic
deformation, normal breaking, shearing, and rolling are distinguished. These modes can be
active at five different sites in the contact, namely, in the surface near bulk of the first bodies,
at the boundary between the first bodies, in the bulk of the third body, and at the boundaries
between the first and third bodies. The combination of four modes and five sites leads to a
variety of 20 velocity accommodation mechanisms. The friction behavior of a vibrating contact
can only be understood when the active velocity accommodation mechanisms are identified.
These, however, can change due to wear-induced material modifications in the contact so that
an evolution of the friction behavior during testing is usually observed.

Material Degradation Mechanisms

The mechanisms of material degradation in vibrating contacts may be generalized into two
classes, namely energy-dissipative and stress-induced mechanisms. The generation of material
damage due to mechanical or tribochemical wear always requires the dissipation of frictional
energy and, thus, the occurrence of partial or gross sliding of the vibrating contact. Oscillating
contact stresses result in cracking and rupturing of the materials. Damage occurs instantly when
the stress amplitude reaches a critical value or by fatigue failure when it is subcritical. A similar
classification of material degradation mechanisms was suggested by Vincent et al. [10] who
distinguished “‘overstraining” and “overstressing” mechanisms. The damage induced by energy
dissipative mechanisms covers large parts of the fretting zone and progresses gradually with a
particular wear rate. The wear rate of an active wear mechanism relates the amount of removed
material volume to the friction energy dissipated during one cycle. The dissipated energy ac-
counts mainly for contact heating and the activation of mechanical deformation and tribo-
chemical processes in the contact. Accordingly, the total wear damage is expected to be pro-
portional to the cumulative friction energy dissipated over the test duration [/3,14].
Stress-induced mechanisms, on the contrary, result in highly localized damage often leading to
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a sudden failure of the material. The exact prediction of time and location of materials failure
in the vibrating contact is difficult and requires the detailed analysis of the contact stress field.
Wear mechanisms involving fracturing and fragmentation processes can be promoted by resid-
ual tensile stresses present in the contacting materials [/,2].

Experimental
Fretting Simulation and Analysis Equipment

Fretting Simulation Device—Contact vibrations with a linearly oscillating displacement
(Mode I) were induced by a newly developed test system with a friction-free actuation mech-
anism [5]. This actuator allows one to accurately control the linear displacement stroke and the
vibration frequency over a wide range. The ball-shaped counterbody was loaded on top of the
vibrating hard-coated flat specimen at variable normal forces induced by a spring system.
The test duration was varied from a few hundred to several thousand fretting cycles to study
the initiation of wear damage and the coating durability, respectively. The relative humidity
(RH) in the test atmosphere was stabilized at selected values between 10 and 80% using a
climate control system as described previously [7]. All tests were performed without lubrication
in ambient air at a temperature of 23°C.

On-line Monitoring—The tangential force, contact displacement, and normal force were
continuously monitored by appropriate sensors. A computer software routine was used for the
acquisition and on-line analysis of force-displacement hysteresis loops measured over individ-
ual vibration cycles [5]. Quantities characterizing the mechanical contact response can be ex-
tracted from such hysteresis loops as shown in Fig. 2. The open loop width enclosed by the
zero crossings of the tangential force represents the sliding distance, s, in the fretting contact.
The maximum loop extension corresponds to the imposed displacement stroke, D. The ratio of
the sliding distance to the imposed displacement stroke is called the fretting regime indicator,
r, (Fig. 2) and has been proposed recently as a convenient numerical criterion for the on-line
monitoring of the operative fretting regime in a vibrating contact [5]. The value of this ratio
ranges from zero when the applied stroke results only in elastic contact deformation (elastic-
stick regime) to unity when the applied displacement stroke is fully accommodated by contact
sliding (gross-slip regime). At the transition from partial-slip to gross-slip, the fretting regime
indicator has values around 0.33. The area enclosed by the force-displacement loop represents
the friction energy, E,, dissipated in the contact. The value of the dissipated friction energy
approaches zero when elastic-stick becomes the dominating fretting regime. In the gross-slip
regime, the average coefficient of friction is obtained from the dissipated energy, the sliding
distance, and the normal force as indicated in Fig. 2. On-line monitoring of these quantities
over the test duration can be used to characterize the evolution of the mechanical contact
response.

Off-Line Characterization—Laser stylus profilometry was used to quantitatively determine
the wear depth as well as the planimetric and volumetric wear on the coatings [4]. Damage
features and the morphology of third body material were examined by optical and scanning
electron microscopy. Chemical material modifications induced by fretting wear were investi-
gated by surface analysis techniques such as micro-Raman and X-ray photoelectron spectros-
copy (XPS) [15,16].

Hard Coating Preparation and Counterbody Materials

Diamond coatings were grown on flat WC-Co (tungsten-carbide-cobalt) and SiA1ON cutting
tool inserts by hot filament chemical vapor deposition (CVD). The CVD reactor was operated
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FIG. 2—Schematic representation of a tangential force-displacement hysteresis loop; s = contact
sliding, D = displacement stroke, ¥, .. = maximum tangential force, F,, = applied normal force,
Eq4 = dissipated friction energy, 1 = fretting regime indicator, and . = coefficient of sliding friction.

with a tungsten filament (~2000°C) in a hydrogen diluted methane (CH,:H, = 1:100) atmo-
sphere at 50 mbar pressure.> Coating thicknesses of 6 and 18 um were deposited at substrate
temperatures of 860 and 940°C, respectively. The coating roughness was around 0.2 um (R,)
on most of the samples. Some coatings had an increased roughness of 0.5 um (R,). Charac-
terization of the mechanical properties of these diamond coatings using the nano-indention
technique indicated hardness values of around 80 GPa and values for the Young’s modulus of
approximately 1300 GPa.

TiN was deposited on flat ASP 23 tool steel substrates by PVD in an industrial Balzers triode
ion-plating equipment.® The steel substrates had a hardness of 1100 HV and were highly pol-
ished before the TiN deposition. The substrates were held at a bias voltage of —150 V during
deposition. The TiN coatings were approximately 5 um thick and had a roughness of around
0.03 um (R,). The coating hardness was evaluated by micro-Vickers indentation as around
2300 HV [i14].

The counterbody materials used in the present fretting experiments were corundum (a-
A1,0,) and chromium steel (100Cr6) with a hardness of 2000 HV and 63 HRC, respectively.
The counterbodies were ball shaped (10 mm diameter) and had a highly polished surface finish.

2 CemeCon, Aachen, Germany.
3 WTCM, Diepenbeek, Belgium.
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Results and Discussion
Fretting Behavior of CVD Diamond Coatings

Corundum balls were loaded on top of the diamond coatings with normal forces of 4 and 6
N. The diamond-coated flats were oscillated at displacement strokes of 100 and 50 wm at
frequencies of 10 and 20 Hz, respectively, corresponding to a relative velocity of 1 mm/s. The
friction and wear behavior of CVD diamond coatings under different fretting regimes are
discussed.

Gross Slip—The evolution of friction on a smooth and on a rough diamond coating in the
gross-slip regime is shown in Fig. 3. Two stages are recognized in each curve. During an initial
high friction phase, the coefficient of friction has values around 0.6 for the rough and around
0.4 for the smooth diamond coating. After a few hundred cycles, a transition phase is observed
at which the coefficient of friction decreases to values below 0.1 where it remains stable. The
transition from high to low friction proceeds faster on the diamond coatings characterized with
a low roughness.

1.0
A Fn:6N-Ra0.5um
® Fn:4N-Ra 0.5pum
0.8 O Fn:6N-Ra 0.2 pm —>
A Fni4 N-Ra 0.2 pym 100 uym, 10 Hz
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fretting cycles

FIG. 3—Evolution of the coefficient of friction on CVD diamond coatings of various surface
roughness vibrating against corundum.
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The observed transition in the friction behavior is indicative of a change in the velocity
accommodation mechanism and is closely related to the wear behavior. During the high friction
phase, the velocity is accommodated directly between the first bodies. A high tangential force
results in the detachment of particles by asperity shearing and fracturing mechanisms [13]. The
coefficient of friction evolves to a low value as the coating roughness is being reduced by wear
[17]. The establishment of the low friction state is delayed when the initial coating roughness
is high (Fig. 3). The particle debris originating from the diamond coating and the corundum
counterbody is trapped in the contact leading to a polishing effect by further wear. Very smooth
regions can develop in the wear track after sufficiently long testing (Fig. 4). Particle rolling
starts playing an increasing role as a velocity accommodation mechanism on the smoothened
coating surface.

The wear volume measured on diamond coatings was found to be proportional to the cu-
mulative friction energy dissipated in the vibrating contact [13]. Wear on the diamond coating
by the sliding corundum counterbody progresses at a very low rate of about 400 um?/J. This
relationship was also found for other counterbody materials such as CVD diamond-coated Si;N,
balls sliding versus a CVD diamond-coated flat [13]. These results indicate that the wear be-
havior of diamond coatings subjected to gross-slip conditions becomes stable and predictable
after a short running-in phase.

Partial Slip—Reducing the displacement stroke from 100 to 50 wum resulted in a character-
istic mechanical response that is shown in Fig. 5. Transitions in the tangential force amplitude
and in the fretting regime indicator are observed after approximately 45 000 cycles. The partial-
slip regime (r < 0.33) is dominant during the initial test phase (Fig. 5a¢). The maximum tan-
gential force remains nearly constant at a value of 3 N. The transition to gross slip (r > 0.33)
is accompanied by a drop in the tangential force amplitude to values below 1 N. In the partial
slip regime, sliding between the contacting surfaces is restricted by asperity interlocking. The
tangential force amplitude results from the elastic deformation of the interlocked contact in-
terface due to the imposed displacement stroke. This force 1s not high enough to instantly break
the interlocked asperities as observed in tests with a displacement stroke of 100 wum. The
asperities are now subjected to contact fatigue induced by the cyclic tangential force. Asperity
failure occurs thus only after a sufficient number of fatigue cycles. The progressive damage
during this phase of gross-failure is seen as a peak in the evolution of the dissipated friction
energy (Fig. 5b). Once the transition to gross-slip has occurred, a smooth wear track is being
formed under the abrasive action of wear debris.

Fretting tests performed under the same set of conditions were repeated on a number of
similar CVD diamond coatings deposited on SiA1ON substrates. The mechanical contact re-
sponse was equivalent to that shown in Fig. 5, that is, a transition from partial slip to gross slip
was observed. Although the tangential force amplitude was kept at 3 N in these tests, the
duration of the partial-slip regime ranged from only 13 000 to more than 90 000 cycles. Dif-
ferent residual stress levels present in the diamond coatings are assumed to influence the prog-
ress of fatigue failure in the interlocked contact interface [1]. The residual stress in diamond
coatings can be evaluated from X-ray diffraction or Raman spectroscopy measurements [18,19].
Tensile stresses up to 700 MPa were observed in these diamond coatings depending on the
substrate material and the deposition parameters. The duration of the partial-slip regime, that
is, the fatigue life of the interlocked contact interface is plotted versus the tensile residual stress
in Fig. 6. It is observed that the failure of interlocked asperities and, thus, the transition from
partial slip to gross slip occurs faster as the tensile residual stress in the diamond coatings
increases. Such a relationship, however, can only be established when the mechanical contact
conditions are well known. Thus, the reliable prediction of the friction and wear behaviors of
diamond coatings subjected to varying contact vibrations in the partial slip regime remains
difficult.
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FIG. 4—SEM micrographs of wear damage induced on a CVD diamond coating after 5 X 10°
fretting cycles against corundum (D = 100 pm, F, = 6 N, and f = 10 Hz). (a) Damage zone on
the diamond coated flat showing the reduction of the original coating roughness. (b) Close-up of a
wear plateau in the damage zone exhibiting sliding marks parallel to the fretting direction.
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FIG. 5—Changes in the mechanical response of a vibrating contact between CVD diamond and
corundum during the transition from partial-slip to gross-slip. (a) Evolution of the maximum tan-
gential force and the fretting regime indicator (see Fig. 2). (b) Evolution of the friction energy (area
of the force-displacement loop) dissipated during each fretting cycle.

Fretting Behavior of TiN Coatings

The humidity in the test atmosphere has to be considered when evaluating the tribological
performance of ceramic coatings such as TiN. The relative humidity can vary in practice over
a range of about 5 to 95%. Fretting Mode I experiments on TiN coatings were performed with
a displacement stroke of 100 um and frequencies of 2, 5, and 10 Hz. Normal forces of 1, 2,
and 4 N were applied to corundum and chromium steel counterbodies. Gross slip was prevailing
in these vibrating contacts.

TiN versus Corundum—The evolution of the coefficient of friction at different humidity
levels is displayed in Fig. 7. The coefficient of friction remains at low values (u < 0.25) over
the whole test duration when the relative humidity is high (RH > 70%). At low humidity, the
coefficient of friction strongly increases after the first few hundred cycles, reaching peak values
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FIG. 6—Influence of tensile residual stress in diamond coatings on the duration of the partial-
slip regime under contact vibrations against corundum (D = 50 pm, F, = 6 N, and f = 20 Hz).

in the range of 0.7 to about 1.5 The extent of the high friction phase is limited at medium
humidity (RH = 40 to 60%). Under these conditions, the coefficient of friction returns to values
below 0.25 where it remains stable. In dry air (RH < 30%), however, the coefficient of friction
remains at a rather high level over the whole test duration.

The duration of the high friction phase is not only sensitive to the relative humidity but also
to mechanical fretting variables. An increasing vibration frequency as well as an increasing
normal force tend to extend the high friction phase in medium humid air (Fig. 8). An increase
in one of these variables generally decreases the contact exposure to the test atmosphere [7].
As a consequence, the reduced access of oxygen and moisture to the surfaces in the vibrating
contact has to be considered. TiN coatings subjected to contact vibrations were found to degrade
by oxidational wear {/4]. Moisture in the test atmosphere can then interact with the wear debris
generated in the vibrating contact. Micro-Raman and XPS analysis have revealed that the wear
debris consists of titanium oxide compounds of different Ti:O stoichiometry. The onset of low
friction in the contact can be related to the accumulation of a bed of defective rutile (TiO,_,)
debris in the contact area [7, /4, 16]. Fine-grained defective oxide debris is assumed to aggregate
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FIG. 7—Evolution of the coefficient of friction on a TiN coating vibrating against corundum at
different levels of relative humidity in the test atmosphere.

by a weak bridge-bonding due to the absorption of moisture from the environment. Such bridge
bonds usually offer a low resistance against shear stresses. Bulk shearing across the debris bed
as a velocity accommodation mechanism would then result in a low tangential force accounting
for the observed low coefficient of friction. The absorption of moisture is the rate controlling
step in the formation of such a lubricious reaction layer. It is expected that the formation should
be promoted by an increased relative humidity and an extended contact exposure.

The humidity also has an effect on the wear scar morphology on the coating. Fretting in a
dry atmosphere results in a considerable lateral expansion of the damage area and in a high
wear volume. At high humidity, wear proceeds preferentially into the coating depth generating
a comparably small wear volume [7]. Figure 9 displays the increase of the wear volume as a
function of the cumulative friction energy dissipated in the corresponding fretting tests. A linear
relationship is maintained during the high and the low friction phases implying that the same
degradation mechanism, namely, oxidational wear, is operative during both phases. This mech-
anism proceeds at a rate of about 18 000 pm?/J that holds for a wide range of fretting conditions.
Therefore the possibility exists of a micrograph estimation of the wear volume on the TiN
coating based on the on-line measured friction energy.
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FIG. 8—Influence of vibration frequency and normal force on the duration of the high friction
phase on a TiN coating vibrating against corundum at medium relative humidity (50% RH) in the
test atmosphere.

TiN versus Chromium Steel—The relative humidity also affects the evolution in cases where
TiN coatings vibrate against chromium steel counterbodies (Fig. 10). Although the friction
behavior is similar to that observed with corundum counterbodies, differences are found during
the running-in period as friction is instantly high. The magnitude of the coefficient of friction
during the high friction phase is slightly lower, whereas it is nearly equal during the low friction
phase as compared to corundum counterbodies. These deviations indicate that different wear
and velocity accommodation mechanisms are active in the vibrating contact. Figure 11 displays
the wear damage generated on the TiN coating under a normal force of 2 N at medium relative
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FIG. 9—Wear volume measured on a TiN coating as a function of the cumulative friction energy
dissipated during contact vibrations against corundum under various fretting conditions.

humidity (50% RH). The Nomarski micrograph (Fig. 11a) reveals that the central part of the
fretting scar is covered by a thin transfer layer protecting the TiN coating from being worn.
Wear damage on the TiN coating occurs, however, in the peripheral regions of the fretting zone
[71. A close-up of the transfer layer by scanning electron microscopy shows features of exten-
sive plastic deformation (Fig. 115). Thin sheets of the counterbody material are smeared onto
the coating along the sliding direction. The activation of velocity accommodation by plastic
displacement requires that the tangential stress exceeds the yield limit of the counterbody steel
[Z2]. This condition occurs most likely in the contact center where the Hertzian contact pressure
has its maximum value. The coefficient of friction is determined as the ratio of the yield stress
to the contact pressure. The latter decreases when the steel counterbody is flattened due to wear.
Plastic sliding is then gradually replaced by other velocity accommodation mechanisms. The
same low coefficient of friction (u < 0.25), as observed with corundum counterbodies, indicates
that the lubricating effect provided by the defective TiO,_, debris becomes active when suffi-
cient moisture is present in the atmosphere. Therefore, titanium oxide debris generated in the
peripheral region must spread to the central region. In the latter, the access of oxygen and
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FIG. 10—Evolution of the coefficient of friction on a TiN coating vibrating against chromium
steel at different levels of relative humidity in the test atmosphere.

moisture towards TiN is limited by the steel transfer layer. Partial oxidation of the transfer
layer results in reddish iron-oxide particles, as observed by optical microscopy. Although the
TiN coating wears only locally at the contact periphery, a linear relationship between the coating
wear volume and the cumulative friction energy is also noticed. The wear rate of TiN (~20 000
wm>/Y) is quite comparable to that found with corundum counterbodies. The considerable wear
of the hard TiN coating by the comparably soft chromium steel counterbody confirms the
important role of tribochemical wear.

Conclusions

The potentiality of laboratory fretting testing as a method to evaluate the tribological per-
formance of hard coatings in linearly vibrating contacts (Mode I fretting) was demonstrated.
The critical influence of the linear displacement stroke, normal force, vibration frequency, and
relative humidity on the mechanical and materials response of hard coatings was shown.

The friction and wear behavior of diamond coatings subjected to gross-slip vibrations against
corundum become stable and predictable after a short running in phase. Coating degradation
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progresses by abrasive wear leading to a smooth coating surface. Velocity accommodation by
debris particle rolling in the smoothened wear track results in low friction. Under partial-slip
conditions, the diamond coating is subjected to contact fatigue. Fatigue failure in the contact
zone results in a sudden significant alteration of the friction and wear behaviors. Variations in
the onset of fatigue failure were explained by the level of residual stress present in the diamond
coatings.

Friction and wear on TiN coatings subjected to gross-slip vibrations against corundum as
well as chromium steel are controlled by tribochemical reactions in the fretting zone. The
contact exposure and the relative humidity in the surrounding environment play an important
role in this case. Titanium-oxide wear debris was found to form a lubricious layer in the contact
after sufficient absorption of moisture from the environment. This tribochemical process is
promoted by increased relative humidity and prolonged contact exposure. Velocity accom-
modation by shearing of the lubricious debris results in a reduction of friction. Coating wear
is not observed when the access of oxygen and moisture towards TiN is limited by a transfer
layer resulting from plastic wear of the steel counterbody.

The wear volume on both coating materials was shown to be proportional to the dissipated
friction energy under gross-slip conditions. This energy-related wear rate permits an a priori
estimation of the coating wear damage if the contact conditions can be specified.
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ABSTRACT: The concept of employing thermally stable compounds (that is, metal oxides) as
high temperature vapor phase ceramic lubricants was investigated. A major part of this study
was devoted to the development of various calorimetric and tribological techniques that could
be used to determine interfacial reactions between thermally stable compounds and ceramic
substrates such as zirconia and alumina. This interaction is pivotal in understanding the mech-
anism of high temperature lubricity. The approach consisted of selecting low sublimation tem-
perature materials and measuring their thermodynamic interactions as vapors with the ceramic
substrates. The materials studied included two easily sublimable organic compounds (that is,
naphthalene and salicylic acid) and several organometallics (for example, copper phthalocya-
nine). Thermodynamic data such as heat of adsorption, packing density, and reversibility of the
adsorption were obtained on some of these compounds and were related to wear characteristics.
All of these compounds provided effective lubrication at room temperature. Copper phthalocy-
anine was an effective lubricant at temperatures up to 400°C.

KEYWORDS: surface coatings, surface treatments, wear testing, high temperatures, lubricants,
ceramics, organometallics, vapor phase lubrication, sublimation, bearing lubrication, adsorption,
heat of adsorption, alumina

The lubrication of moving parts, achieved through either surface modification procedures,
solid film coatings, or conventional lubrication techniques, represents a critical and limiting
technological barrier. Old lubrication concepts need to be replaced so that we can begin op-
erating in higher, more efficient temperature ranges. Over the last several decades, internal
combustion engines have singularly relied on liquid (that is, oil-based) lubricant systems. This
present-day reliance on lubricating oils is based on their inherent advantage of being able to
maintain a liquid state over a wide temperature range. Liquid lubrication is based on the film
forming properties of this state (that is, to act as a clean hydrodynamic film that prevents metal-
to-metal contact). Under the more extreme conditions typically found in the internal combustion
engine, the use of liquid lubricants is also dictated by the need to effectively act as both a heat
sink and as a vehicle that can rapidly supply additives capable of modifying the wear charac-
teristics of a surface. All of these properties are closely tied-in with the amenability of liquid
lubricants to external cooling and filtration. The down-side to liquid lubrication is that present-
day gas turbine engines are severely pushing the upper lubrication temperature limit of organic
materials. Alternative lubrication concepts are needed.
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Present-day gas turbine engines rely on basically the same lubrication principles that were
initially developed for internal combustion engines except that turbine engine oil formulations
depend on a more thermally stable, synthetic hydrocarbon base fluid. In the future, gas turbine
engines will operate at much higher temperatures. More advanced generations of gas turbine
engines will eventually operate in the adiabatic gas temperature range in order to achieve
theoretical goals such as a 50% increase in thrust-to-weight ratio and a 100% increase in fuel
efficiency. The primary problem in extending the operating temperature of turbine engine oils
is that the carbon-carbon bond begins to breakdown at temperatures as low as 350°C. Presently,
turbine engine oils are being pushed beyond this temperature limit through cooling and recir-
culation of the oil. In present-day turbine engines, bearing seal temperatures can approach
650°C. Future engines will definitely exceed the thermal capability of liquid lubricant systems
(>>800°C) and will require a new lubricant technology.

One approach that would negate the need to develop a new lubrication discipline would be
to replace existing turbine engine bearings with either air foil or magnetic bearings. However,
even in these cases, lubrication of support bearings would still be a factor. A considerable
amount of work is also being done on the development of high temperature lubrication systems
for conventionally designed ceramic bearings. One of several promising approaches involves
the use of a vapor phase lubrication system. In vapor lubrication, a constant stream of a gas,
vapor, or a vapor in a carrier gas is directed onto moving mechanical assemblies in order to
reduce wear. Work has shown that nickel-coated alumina components, when exposed to eth-
ylene gas at 500°C, will catalytically decompose the hydrocatbon forming a lubricious micro-
crystalline graphitic carbon coating [/,2]. Another approach involves the use of tricresyl phos-
phate (TCP) as a vapor-delivered lubricant for temperatures ranging from 500 to 800°C. Again,
metals would be needed as a source of catalytic activity [3,4]. This vapor lubrication approach
has been extended to a rig simulating an advanced diesel engine [5]. Other areas of research
involve the use of solid lubricants for high temperature applications. Present-day solid lubri-
cants such as molybdenum and tungsten disulfides decompose at temperatures of 400°C, how-
ever, there are several compounds such as tungsten trioxide and cerium fluoride that have
melting points in excess of 1000°C. These compounds have been shown to provide good
lubricity [6]. Other approaches involve incorporation of friction-modifying substances into
the surface structure of ceramics by ion implantation. Boron ion implantation has been
shown to significantly reduce wear [7]. Another area of research involves investigating the
possibility of transferring lubricating material from bearing ball retainers to the ball/raceway
area [8].

Our intent was to extend our knowledge of vapor lubrication systems, to investigate other
unusual materials as vapor phase lubricants, and to lay the groundwork for the development of
a lubricant system that could operate from ambient to 800°C. The decision to investigate vapor
lubrication systems was based on the assumption that effective lubrication would require con-
stant replenishment. Nonreplenishable systems would include techniques such as surface mod-
ification procedures or the use of bonded solid coatings. It was planned to establish fundamental
concepts of interfacial reactions for the selection of vapor lubrication systems capable of pro-
viding low friction and wear at elevated temperatures and high contact pressures. Thermody-
namic data collected from selected vapor lubrication systems would then be correlated with
tribological data in order to develop the foundation for a vapor lubrication model. The vapor
phase lubrication system should be similar to a liquid lubrication system in that they would
both be dependent upon the adsorption of anti-wear additives. The major penalty associated
with this approach is the loss in the hydrodynamic component of lubrication, but this component
is relatively small during high load conditions. The advantage of this approach is that the
temperature restrictions imposed by the liquid state are no longer relevant.
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Experimental Details
Specimens

The ceramic substrates that were studied include alumina, zirconia, and silicon nitride wear
specimens. A high surface area adsorption alumina (that is, 232 m?/g) was used in most of the
adsorption experiments. This powder was dried at either 130 or 400°C to eliminate adsorbed
water [9].

Analytical Techniques

Interactions between a lubricant in the vapor phase and a ceramic substrate are defined by
such parameters as heat of adsorption, surface packing density, adsorption constants, and re-
versibility of the adsorption process. Four techniques that were investigated included gas chro-
matography, differential scanning calorimetry, vapor phase flow calorimetry, and liquid phase
flow calorimetry. A gas chromatograph (GC) was used to measure naphthalene vapor concen-
trations. Temperature was maintained at 100°C for 1 min and ramped to 250°C and 6°C/min.
The helium flow rate was 20 mL/min. A thermal analyzer and differential scanning calorimeter
(DSC) was used to measure heats of adsorption. A flow calorimeter (Fig. 1) equipped with two
syringe pumps was used to measure additive adsorption from the vapor and liquid phase. The
calorimeter consists of a large steel block containing a central channel approximately 8 mm in
diameter. An insert that fits into the base of the calorimeter serves as the base for a small
column (typically 0.12 cm®) of ceramic powder. The temperature of the column is measured
by means of a four-thermistor bridge. Two thermistors are inserted into the column and two
are located in the block. The primary function of the steel block is to act as either a heat sink
or source. Prior to a measurement, the column and block are at thermal equilibrium and the
thermistor bridge is in balance. After achieving thermal equilibrium, a solvent such as cyclo-
hexane is slowly passed through the central channel at a rate slow enough to allow the solvent
to reach block temperature (for example, 6.6 mL/h). When the solvent reaches the column and
percolates through, no heat effects other than an initial heat of wetting are noted since the

SYRINGE PUMP
< (ADDITIVE IN
(CYCLOHEXANE)

SYRINGE PUMP
{CYCLOHEXANE)

INSERT (ACTS AS A BASE
FOR A CERAMIC COLUMN)

FIG. 1—Flow calorimeter for measuring heats of adsorption.
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solvent, block, and column are at thermal equilibrium. When an additive in the solvent is
present, it will adsorb and create a heat effect that will be detected by the thermistor bridge.
The calorimeter can also be used with gas phases containing adsorbable vapors.

Wear Testing

The anti-wear characteristics associated with a given monolayer are quantified using a ball-
on-flat wear test device (Fig. 2). The device provides for the mounting of a 12.7-mm-diameter
ball against a stationary 38 by 6 mm flat specimen. The ball is attached to a movable arm that
is driven by means of a reciprocating air motor. This arm is attached to the rig by means of a
double-axes universal joint. The wear scar that is formed on the surface of the flat, is in the
shape of an arced wear path and is approximately 50 mm in length. This path is transversed at
a rate of approximately 20 cycles/min. Load, speed, and temperature can be varied. The load
calculated at the ball/flat contact point, is applied by counterbalancing the weight of the arm
and can range from 5 to 100 N. The temperature is controlled by cartridge heating elements
above the ball and below the flat specimen. The device can be operated at temperatures up to
800°C. During high temperature operation, set screws that hold the ball in place need to be
tightened in order to prevent rotational motion of the ball specimen. The coefficient of friction
is determined by measuring the tangential force with a strain gage attached at the point where
the air motor is connected to the movable arm. After testing, wear scars are quantified using a
three-dimensional surface profilometer.

Results

Experiments were performed to determine if a vaporized compound would behave similarly
to that of an antiwear additive in an oil-based lubricant. Primary interests were in the ability
of vapors to adsorb on ceramic substrates and produce significant reductions in wear rates.
Concerns were (1) the concentration of the material in the vapor phase as a function of tem-
perature, (2) the adsorption equilibrium constant for the vapor on the ceramic, and (3) the
ability of the adsorbed material to reduce the wear rate of the ceramic below that of the unlu-
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FIG. 2—Wear test device for measuring coefficient of friction.
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bricated material. Initially, concerns were with developing techniques that would allow deter-
mination of heats of adsorption, reversibility of adsorption, adsorption equilibrium constants,
and packing density.

Several systems of varying complexity were investigated. The first system consisted of naph-
thalene vapor on alumina. This system was chosen because naphthalene (melting point of 82°C)
sublimes and has a significant vapor pressure at room temperature. In addition, its structure is
similar to naphthenic oils that are known for their excellent lubricating properties.-Most of
these studies were done with a high-surface-area alumina powder to maximize surface-related
effects. Different experimental approaches were used in the measurement of adsorption con-
stants. These included the use of gas chromatography (GC) for measuring equilibrium concen-
trations of vapors, a calorimeter for measuring heats and the reversibility of adsorption, and a
DSC for measuring surface concentrations. The coefficient of friction and wear were measured
using the wear test defice. Gas chromatography proved to be the most limited technique. Liquid
flow calorimetery techniques did provide data on a limited number of systems. The most suc-
cessful technique was a method that was developed for the DSC. All candidate materials could
be evaluated for their ability to reduce the coefficient of friction and wear rate.

Gas Chromatographic Studies

Adsorption constants for naphthalene vapor on alumina powder were investigated by using
standard absorption isotherm techniques. The procedure consisted of introducing known
amounts of naphthalene vapor into 5-mL vials containing various amounts of alumina powder.
After equilibration, vapor equilibrium concentrations were re-analyzed to determine the amount
of naphthalene adsorbed on the surface of the alumina. The initial calibration of GC using
dilute solutions of naphthalene in cyclohexane indicated a lower limit of detection of less than
0.1 pg. Analysis of the vapor drawn from a bottle of naphthalene at room temperature indicated
a concentration of 0.4 pug/mL. The calculated equilibrium vapor concentration for naphthalene
at room temperature is 0.6 pg/mL. This technique should be able to measure moderately small
changes in vapor concentration and provide a means of determining equilibrium constants and
maximum packing densities. Actual experiments consisted of adding 2.5 mL of 0.28 wg/mL
naphthalene vapor into vials that contained amounts of alumina ranging from 0 to 100 mg. The
measured equilibrium concentrations were in the 0.01 to 0.02 p.g/mL range and were essentially
independent of the amount of alumina in the vial. The difficulty with this approach was that
the internal surface area of the syringe and vial was sufficient to adsorb a significant amount
of the naphthalene in the vapor phase. Assuming a moderate molecular packing density (that
is, 1 nm*molecule), a relatively smail amount of exposed glass surface (that is, an area of
approximately 14 cm?) could possibly reduce the initial vapor concentration to zero. Another
approach consisted of coating glass beads with small amounts of alumina powder and using
these coated beads to make adsorption columns. Air saturated with naphthalene vapor was then
passed through the column, collected and analyzed using GC. Results indicated that the glass
wool plugs that held the column in place adsorbed most of the naphthalene vapor and reduced
the vapor concentration to approximately 0.05 pwg/mL. Equilibrium concentrations after ad-
sorption were close to this amount, and it was difficult to distinguish if adsorption was on the
glass beads, alumina, or the plug material. Later studies involved injecting naphthalene vapor
through an alumina column directly into the GC. These studies indicated that all of the naph-
thalene vapor was strongly and irreversibly adsorbed on the alumina column.

Vapor Flow Calorimetry

The possibility of directly measuring the heat of adsorption of naphthalene vapor on alumina
was investigated using a flow calorimeter modified for gas usage. This calorimeter contained
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a small column of alumina that weighed approximately 100 mg. The temperature of the column
relative to that of the block was measured by means of a four-thermistor bridge. Nitrogen gas
was passed through the column at a rate of 8.5 mL/min and, after attaining equilibrium, air
saturated with naphthalene vapor was introduced into the nitrogen flow at a rate of 1 mL/min.
The calorimeter can detect a sustained heat effect of 1 mJ/min or possibly an instantaneous
heat effect as small as 4 pJ. Results showed minimal heat effects of about 1 mJ/min during the
adsorption of naphthalene of alumina. It was difficult to determine if these observed heat effects
were due to the failure of the carrier gas in attaining thermal equilibrium or if these effects
were due to adsorption. A significant problem with this approach was that the flow rates of
naphthalene vapor limited adsorption to less than 0.4 p.g/min. Vapors associated with other
compounds having potential lubricating properties were investigated to establish the viability
of this approach. Vapors of compounds such as salicylic acid, benzophenone, and phenol gave
no response. Quinone, camphor, adipic acid, and “lab” air gave questionable responses. Oc-
tadecylmercaptan, dioctylamine, tert-octylamine, naphthalacetic acid, 1,2, dodecanediol, men-
thol, and water-saturated air gave possible responses. Compounds such as hexanoic acid, tri-
decanoic acid, iodine, 2-hydroxylmyristic acid, and #-butanol showed relatively small, but
definite, heat effects associated with vapor adsorption. Of the different materials tested, hex-
anoic acid vapor at room temperature showed the largest heat effect.

Solution Flow Calorimetry

The relatively low vapor pressure of most solids at room temperature limits the effectiveness
of vapor phase calorimetry for determining adsorption characteristics. However, it should be
possible to obtain similar data using a solution flow calorimeter approach. The primary as-
sumption is that heats of adsorption from the liquid phase should approximate heats of adsorp-
tion from the vapor phase if the material of interest is dissolved into an inert solvent. Hydro-
carbons such as cyclohexane should not adsorb on a ceramic substrate to any appreciable extent
since they lack double bonds and polar functional groups. Through the use of nonpolar solvents,
initial concentrations and related heat effects associated with adsorption can be increased by a
factor of 10*. Figure 3 shows heat of adsorption data for 5% naphthalene in dry cyclohexane
on an alumina column. Naphthalene from cyclohexane solution was initially adsorbed on a
0.18-g column. Adsorbed naphthalene was then desorbed using pure cyclohexane. This ad-
sorption and desorption process was repeated several times on the same column in order to
determine if the adsorption process was reversible. The heat effect associated with adsorption
was 3.7 J/g and was essentially constant in repeat adsorption experiments. This would indicate
that naphthalene adsorption on alumina was completely reversible. Although n-butanol is not
considered a good lubricant, tests on a freshly prepared column of alumina indicated a stronger
heat effect associated with adsorption. Initially, this heat effect was about 10.5 J/g, but each
subsequent desorption/re-adsorption cycle resulted in a decrease in the measured heat effect.
In this case, a fraction of the alcohol is irreversibly adsorbed on the surface of the alumina.

In the preceding procedure, a liquid having a known initial concentration of naphthalene is
percolated through a column of alumina powder for an extended period of time. The subsequent
heat effect is produced from an equilibrium concentration nearly equal to the initial concentra-
tion of naphthalene. The major drawback of this technique is that the amount of naphthalene
adsorbed from solution can not be measured and this makes it difficult to estimate heats of
adsorption. Another approach involves injecting small amounts of naphthalene into the cyclo-
hexane carrier stream. Using this type of approach (that is, 25 pL injections of 5% naphthalene)
and assuming that all naphthalene injected into the column is adsorbed, the heat of adsorption
can be directly measured. The heat of adsorption for naphthalene using the injection technique
was found to be 1.5 kj/mol. In this study, naphthalene was an ideal candidate since relatively
high concentrations could be dissolved in a nonpolar solvent (that is, cyclohexane) that would
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FIG. 3—Heat of adsorption from a 5% C4H,, solution of naphthalene on alumina.

not compete for adsorption. The other compound of particular interest, salicylic acid, also
sublimes at fairly low temperatures, but studies on this material were limited because of its
relatively low solubility in nonpolar solvents. Similar measurements with salicylic acid were
difficult to quantify because of the extremely low solubility of this material in cyclohexane.
The heat of adsorption for salicylic acid (that is, 25-pL injection of 0.05% salicylic acid) was
estimated as 3.4 kJ/mol. These results are shown as footnotes in Table 1.

Another class of materials, organometallics, were also investigated for solubility in nonpolar

TABLE 1—Adsorption characteristics of naphthalene and salicylic acid on alumina.

Amount Adsorbed per Unit Area (nmol/m?)

Adsorbate Concentration

in Al,Os, % by weight Naphthalene® Salicylic Acid®

10% 3.49

20% 7.75
30% 7.79 745
40% 7.55
50% 7.78 5.03
60% 7.09
70% 7.49
80% 6.86

“ Flow calorimetry studies indicated that the heat of adsorption on alumina was 1.5 kJ/mol (from 25
pL of 5% naphthalene solution in C¢H,,).

? Flow calorimetry studies indicated that the heat of adsorption on alumina was approximately 3.4
kJ/mol (from 25 pL of 0.05% salicylic acid solution in C4H,,).
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and then in polar solvents. At higher temperatures, these materials may have sufficient vapor
pressure to provide lubrication to ceramic bearings. These adsorbed vapors might then decom-
pose under load and higher temperatures to form small amounts of solid stable oxides that
would be effective in reducing friction and wear. These materials included selenourea, copper
phthalocyanine, vanadium oxide tetraphenylporphine, quaternary amine molybdata, manganese
phthalocyanine, copper tetraphenylporphine, iron dicyanophenanthroline, nickel trimethylpyr-
idine t-sulfonate, copper salicylaldehyde ethylene diimine Schiff base, and copper salicylal-
dehyde phenylene diimine Schiff base. Solvents investigated included water, methanol, isopro-
panol, acetone, xylene, toluene, heptane, dimethylformamide (DMF), and mineral oil. The most
promising solvent was DMF. Most of the organometallics dissolved to some extent in DMF to
form highly colored solutions, but the concentrations of dissolved material were less than
0.05%. This low solubility was true for most of the solvents tested. For example, copper tetra-
phenylporphine dissolved to form a rose-colored solution at a concentration of less than 0.001%
in cyclohexane. Testing of these materials was primarily limited to studying their effect on the
coefficient of friction and wear inhibition.

Differential Scanning Calorimetry

Another approach to studying the thermodynamic interaction of potential vapor lubricants
with ceramics involves the use of a DSC. Of all of the analytical techniques used in this study,
this approach appears to be the most universally applicable. In this technique, alumina and the
vapor phase lubricant (that is, salicylic acid or naphthalene) are mixed and stored overnight in
a sealed vial. Approximately 10 mg of this mixture was then analyzed in the DSC. Typical
results are shown for salicylic acid (Fig. 4). The heat of fusion of salicylic acid was found to
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FIG. 4—Effect of alumina on the measured heat of fusion of salicylic acid.
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be 161 J/g. The traces of several mixtures by weight of salicylic acid and alumina shows the
“instrument calculated” heat of fusion that is equal to the measured heat effect divided by the
weight of material in the sample pan. If it is assumed that there is no interaction between the
salicylic acid and the alumina, then the heat of fusion would be equal to the “instrument
calculated” heat multiplied by the fraction of salicylic acid in the mixture. For example, the
instrument calculated heat of fusion for the 20% mixture of salicylic acid with alumina should
be 36.2 J/g. The measured value of 1.2 J/g indicated that only 3% of the salicylic acid in the
mixture was available to contribute to the heat of fusion. In general, as the percent of salicylic
acid in the mixture decreased, the amount adsorbed increased. The calculated value for the
maximum packing density for salicylic acid on alumina (Table 1) and was found to be 7.75
pmol/m?.

The naphthalene vapor/alumina system was also studied using the DSC and the preceding
technique. The heat of fusion for naphthalene was reported in the International Critical Tables
as 148.9 J/g that compares favorably with our measured value of 144 J/g. Heat of vaporization
was reported as 316 J/g, which is higher than our measured value of 258 J/g. Since the alumina
is submicron (232 m*/g), 50% by weight mixtures of naphthalene and alumina powder should
provide monolayer or less coverage. It was assumed that pre-adsorbed naphthalene would not
contribute to the heat of fusion and the experimentally measured heat of fusion would be an
indirect measure of the amount of naphthalene adsorbed on the alumina. A series of experiments
at different mole fractions of naphthalene indicate that the packing density for naphthalene on
alumina is 7.8 pmol/m®. The packing densities for salicylic acid and naphthalene are similar.
The organometallics were also investigated using DSC techniques. Some of the compounds
such as iron dicyanophenanthroline, copper tetraphenylporphine, and manganese phthalocya-

1.50

1.20
=
0o
[
© 0.9
i
w
w
o
w 0.60
1]
o)
(&
0.30
NAPHTHALENE
000 1 1 1 .
0 160 320 480 640 800

TEMPERATURE C

FIG. 5—Effect of naphthalene on friction of alumina sliding on alumina.
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FIG. 6—Wear scars formed at room temperature on (A) unlubricated ZrO, and on ZrO, lubricated
with (B) powdered naphthalene and (C) powdered salicylic acid.

nine had melting points between 400 and 500°C. Nickel trimethylpyridine z-sulfonate under-
went a thermal transition at 200°C. Future DSC studies of these compounds are planned.

Wear Testing

Friction measurements from the ball-on-flat wear tester (Fig. 5) are shown for an alumina
ball sliding against an alumina flat when lubricated with naphthalene. Since naphthalene crystals
were spooned onto the ball/flat contact region as needed, naphthalene was effective at temper-
atures much higher than its melting point of 82°C. The application of naphthalene reduced the
coefficient of friction from 1.2 to 0.3 for temperatures up to 300°C. Figure 6 shows several
tracings of wear scars formed at room temperature using a zirconia ball on a zirconia fiat.
Figure 6a shows the wear scar formed under unlubricated conditions. Figure 66 shows the
effect of naphthalene lubrication, and Fig. 6¢ shows the effect of salicylic acid lubrication.
Salicylic acid was slightly less effective than naphthalene in reducing the amount of wear.
Figure 7 shows the effect of copper phthalocyanine on the lubrication process at a temperature
of 400°C. In this study, lubricant was only added at the start of the high temperature test.
Copper phthalocyanine was highly effective in reducing wear at higher temperatures.

Discussion

Initially, we decided to investigate materials that were capable of subliming at or near room
temperature and were soluble in hydrocarbon solvents. Our goal was to eventually study stable
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FIG. 7—Wear scars formed at 400°C on (A) unlubricated ZrO, and on (B) ZrO, lubricated with
powdered copper phthalocyanine.

metal oxides as high temperature lubricants using techniques developed during these lower
temperature studies. As an intermediate step, some work was done with organometallics as a
possible mechanism for transporting a metal oxide to a hot surface at temperatures much less
than the melting point of the metal oxide. Copper phthalocyanine was found to be a highly
effective lubricant at higher temperatures but no correlation was made with its adsorption
characteristics. A significant amount of success was achieved with the naphthalene/alumina
and salicylic acid/alumina systems in correlating adsorption data with wear data. Parameters
that were of primary interest were the amount of material adsorbed per unit area, the revers-
ibility of adsorption, and heat of adsorption. The packing density of naphthalene was relatively
low with a surface concentration of 7.8 wmol/m* that corresponds to a surface coverage of
approximately 20 nm*/molecule. The heat of adsorption was a relatively low 1.5 kJ/mol and
the adsorption was reversible. Wear tests under heavy load indicated that naphthalene was
effective at reducing the coefficient of friction from 1.2 to 0.3 and that it also prevented wear
when tested at room temperature. The packing density of salicylic acid was similar with a
surface concentration of 7.75 wmol/m?. The heat of adsorption was approximately 3.4 kJ/mol
and significantly higher than that found for naphthalene. Surprisingly, salicylic acid was not
quite as effective as naphthalene in reducing wear. Compounds such as molybdenum telluride
were initially studied and were found to be very effective. Such materials, however, were not
studied further because of potential experimental and health risks.

Conclusions

Thermodynamic data obtained for adsorption of naphthalene and salicylic acid on alumina
indicated relatively weak interactions (that is, less than 4 kJ/mol) and significantly less than
the theoretical packing density in the adsorbed monolayers. The friction and wear measurements
showed that these compounds served as highly effective lubricants on ceramics. This suggests
that the lubrication of ceramics does not necessarily require strong surface adsorption and close
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packing in the monolayer. Wear studies also show that copper phthalocyanine was an effective
lubricant on alumina and zirconia at temperatures up to 400°C.
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ABSTRACT: Hard coating light alloys for wear protection presents an interface stress problem
due to mismatch in elastic constants across the film-substrate interface. The displacement for-
mulation method is used in this work to calculate interface stresses as a function of contact
parameters, coating/substrate properties, and coating thickness. Quantitative results obtained sug-
gests that interface stresses can be managed with a judicious choice of coating materials, film
thickness, contact parameters, and film deposition conditions.
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interface, hard coatings

Components made of light alloys of aluminum, magnesium, and titanium tend to fail by
excessive wear when used in tribological applications. This problem is difficult to avoid even
with lubrication when the contact stresses are high. Thin coatings of hard materials may be
used to overcome this difficulty. However, the use of hard coatings on light alloys introduces
a new problem. The substrate is much more compliant than the coating. For TiN on aluminum
alloys, the Young’s modulus ratio of titanium nitride to aluminum is approximately eight. When
the coated material is loaded, the differential displacements generated in the substrate and the
coating, due to differences in elastic moduli, can lead to high stresses in the film and at the
film-substrate interface. Film fracture and film-substrate debonding can then occur leading to
severe wear in closed tribological systems. Film-substrate interface stresses will have to be
managed to avoid this difficulty. The problem of calculating interface stresses is first considered,
and an approach is developed that yields quantitative results. With the calculated stresses, it is
shown that interface stresses can be managed through a choice of contact conditions, coatings,
coating thickness, and film deposition conditions.

Overview of Earlier Studies

Although tribo-contacts are three-dimensional in character, a great deal can be understood
with two-dimensional modeling. Plane-strain modeling is commonly used [7]. We follow, and
formulate the layered solid contact problem from the plane-strain perspective (Fig. 1).
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FIG. 1—Problem geometry for plane-strain modeling of a layered semi-infinite solid.
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In terms of the Airy stress function, y (x, y), the stresses, g, 0,, and o, are
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Sneddon [2] has shown that problems involving semi-infinite solids, —o < x < 400 ;y = (,
with boundary loading along —% =< x =< + o; y = 0, can be solved with Fourier transforms.
The principle is that if G(e, y) is the Fourier transform of y (x, y)
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once G(e, y) is determined, y (x, y) can be recovered with the inverse transform

+ o0

1 4
X0y == J G(a, y)e ™ da 3)

and stresses are calculated with Eq 1. Displacements, # and v are determined with similar
equations.
For a homogeneous, semi-infinite solid with edge tractions along y = 0, G(«, y) has the form

G(a, y) = [A(a) + B(a)yle ™~ @

where A and B are determined from the boundary conditions. For tractions imposed along — «
=x = +ow;y =0, that is, for o, = —P(x) along y = 0 (or a part of it) and o, = 0 along its
remainder, from Eq 1 and taking the derivatives of Eq 2

oG
o (a0) = —¢® G = —p, and 0,,(a,0) = ia a_y =0 (5)

The constants of Eq 4 evaluated with Eq 5, are A(a) = {p./ ¢*} and B(a) = {p./ a}, where
P 18 the transform of the boundary traction.
Stress functions, G(a, y) and x (x, y), in terms of p, are

Gla, y) = {%(1 + a y)} rolew (6)
and
— 1 Po —|e(y+ix)
xx, y) = T ?(1 + laly) e da (7

From Eqs 7 and 1, the stresses are

+ o0
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Displacements v and u are determined similarly.
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Using the convolution theorem, stress and displacement integrals can be written in closed
form for some cases. When it is not possible to do so, Green’s function for an isolated line
load applied at the origin is determined and the principle of superposition invoked to calculate
stresses for any combination of surface tractions [/]. Mixed boundary value problems are
handled by calculating surface displacements and matching them to those imposed. Here, two
integral equations are solved simultaneously. Sneddon [3] has obtained solutions for several
cases.

A solid covered with a layer of finite thickness, 4, requires a transform of the form

Gla,y) = [A + Byl e ™ +[C + D y} &V (11

When the layer covering the solid is bonded to a rigid substrate, layer displacements, u and v,
are zero at y = h. If the interface is perfectly lubricated, shear stress and normal displacement,
v, in the layer must vanish at the interface. These requirements and the boundary conditions at
y = 0 allow G(«, y) to be determined.

If the substrate is elastic, two transformed stress functions are needed to calculate the stresses
and displacements in the layer and in the substrate.

Gy, y) = [A, + Byl e ™ + [C, + Dyl e (12)
Gy, y) = [A + B, y] e

Substrate function is simpler, since stresses and displacements must vanish at y = oo, The
unknowns of Eq 12 are determined as before. If the layer is perfectly bonded, the two displace-
ments, u and v, and the two stresses, g, and o,, must be continuous at y = A. These require-
ments, in terms of derivatives of G, and G,, are given in Gupta and Walowit [4]. A matrix
equation to solve for the constants of Eq 12 is also given there for an isolated normal load
applied at the origin. Corresponding equations for an isolated shear load applied at the origin
have been determined by Kannel and Dow [5].

Barkovich et al. [6] have determined the constants for an elliptical contact stress distribution
applied over a part of the boundary in terms of transcendental functions. The case of axisym-
metric loading of a layer on a rigid substrate has been treated by Ling [7], and Wu and Ling
[8] using Hankel transforms. In the cited references, integrals for stresses and displacements
are generally expressions with intractable kernels. Numerical integration is necessary. For a
cylinder on an elastic layer over a rigid substrate, asymptotic solutions have been found by
Meijers [9].

The works cited focus mainly on stresses within the coated body along the load axis, x = 0,
or on the extent of deviation from Hertzian stress distribution at the contact surface due to
indentor or substrate elasticity. The mixed boundary value problem encountered with indentors
of specified geometry is difficult to solve but has been treated satisfactorily {4]. The stress
function method used leads to cumbersome integral expressions that can not be inverted or
fractions containing transcendental functions in the numerator and denominator. The numerical
integration carried out tends to converge slowly or not at all for some contact geometries and
combinations of loading parameters.

Displacement Formulation

Recognizing that the layered solid problem will require numerical integration, displacement
formulation is used here to calculate film-substrate interface stresses. Navier equations are first
solved in the absence of body forces. Stress components are then determined from
displacements.
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The two-dimensional Navier equations of elasticity are
de s de s
()\+G)é—+GVu=O;()\+G)a—+GVv=O (13)
x y

where

ME E

Yarwa-w ™ T 20w “‘”

Here, A and G are the Lamé constants defined with Young’s modulus, E, and the Poisson’s
ratio, . The & term is the sum of normal strains, £ = (g, + &,), and V2 is the two-dimensional
Laplacian. Applying the Laplacian to Navier equations (Eq 13), since V? (g, + &,) = 0, it is
evident that V4u(x, y) = 0 and V%(x, y) = 0, that is, u and v are biharmonic.

Displacement formulation requires two transforms, U(e, y) and V(a, y)

©

1 .
Ua, y) = Flux, y); x = a] = o j u(x, y) €' dx
T (15)

1 .
(e, y) = Flu(x, y); x = a] = Von j u(x, y) €' dx

to satisfy the two biharmonic equations for # and v (homogeneous solid). It can be shown that
U and V have the form

Ua,y) =[a, + a;ayl e and V(a, y) = [by + b, a y] e 1V (16)

Inverting Eq 16, the displacements are

o

1 ) 1 )
ux, yy = or f Ula, y) e da and v(x, y) = ﬁ f ia,y) e ™ da (17)

—

Since an even normal boundary traction at y = 0 will lead to an odd displacement, u(x, y), and
an even displacement, v(x, y), Eq 17 is written in terms of Fourier sine and cosine transforms

u(x, y) = \/%f U sin(ax) da and v(x, y) = \/% f V cos(ax) da (18)
0 [¢]

The stress components are therefore

d
0'x=\/zj{(A+2G)aU+Al}cos(w)da
T3 dy

{)\ alU+ (A + 26G) (ji—;/} cos(ax) da (19)

{G(i—i}] - V)} sin{ax) da



RAMALINGAM AND ZHENG ON WEAR PROTECTION OF LIGHT ALLOYS 111

Once the ay, a,, by, and b, constants of U and V are determined, solution with displacement
formulation is complete.

To determine the constants, two equations are obtained from the equations of equilibrium
and two more from boundary conditions. Shear stress evaluated and equated to zero aty = 0
satisfies the first boundary condition. Traction o, = — p(x) along y = 0, taken as even, satisfies
the second, that is

2
a,(x,0) = —px) = \[7—7 f Pa cos(ax) do (20)
[4]

Equations to determine a,, a,, b;, and b, become

12(1 — 2w -1 1 a 0
1 -1 —1 41 -wfla| _ |0}fPe
1 -1 1 0 bl |0 a @1
A 0 “-A+26G) A+ 2G| b, 1
Solving Eq 21 and substituting into Eq 18, the displacement functions are
1+ a
g =Lt f {3— Qp -1+ ay)} ¢~ sin(ax) da
E 4 le 22)
1+ P
v = ( ) f {p_ 2—-2p+ ary)} e~ cos(ax) da
E 5 L

For odd boundary tractions, first and second equations of Eq 18 are written as Fourier cosine
and sine transforms, respectively. When the traction boundary conditions are not complicated,
Eq 22 and the stress equations obtained can be integrated. Closed-form solutions are obtained.

Displacement Formulation for Coated Solids

For a semi-infinite solid covered with a thin film coating of thickness, 4, two transforms,
U,(a, y) and V\(a, y), for the film and two more, U,(«, y) and V,(a, y), for the substrate are
needed

U, ) = [A; + Ay ayle ™ + [A; + A, ayl & (23)
Vl(a, }’) = [Bl + BZ ay] e—]a] Y+ [B3 + B4 ay] el"‘] 4

Uxa,y) = [C, + Coay) eV (24
Voa,y) = [Dy+ Dy ay] e

For even boundary tractions at the surface, displacement functions, that is, u,(x, y) and
v,(x, y) in the film and u,(x, y) and v, (x, y) in the substrate, are identical in form as Eq 18
with U,(a, ¥) and V,(a, y) replacing U(a, y) and V(a, y) for the film, and U,(«, y) and V,(a,
y) replacing U(a, y) and V(a, y) for the substrate. There are 12 constants in the four displacement
equations. A set of 12 equations are needed. As in the case of the homogeneous semi-infinite
solid, a matrix equation corresponding to Eq 21 is needed.
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Equations to construct the matrix are obtained as before. Stress equilibrium equations along
x and y yield two equations for the film and two more for the substrate. But, since u,(x, ¥) and
v (x, y) contain both positive and negative exponential terms, to satisfy equilibrium equations
everywhere in the film, coefficients of positive and negative exponentials are equated to zero.
Equilibrium requirements in the film alone, therefore, lead to four equations. Two more are
obtained from the substrate.

For well-bonded films, continuity of displacements is required along x and y at the film-
substrate interface, that is, u; = u, and v; = v, at y = h. In addition, two components of
stresses must also be continuous at y = h, that is, 0, = o} aty = h, and oy, = o7, Thus,
displacement and stress continuity provide four equations.

The final two equations are obtained from the traction boundary conditions. When only
normal loads are applied, shear traction at the film surface is zero. This gives the eleventh
equation. The normal traction applied on the free surface of the film, here taken to be even,
provides the last equation.

Calculating the displacements and stresses in a layered solid is now reduced mainly to one
of solving a set of 12 equations to determine the constants of displacement functions. Writing
these equations in matrix form, with [K] designating the coefficients of the equations, [A] the
vector of constants to be determined, and [/] a vector containing only one non-zero term, we
obtain

Pa
[K]11A] = 1] = (25)
where
[A]T = (A, Ay, A3, A4, By, B,, B3, B, Cy, C,, Dy, D)
(" =1(0,0,0,0,0,---,0,1)
inverting

[A] = (K" [T p; 26)

Terms of the coefficient matrix, [K, are primarily numeric constants, numbers given by the
problem geometry, or properties of materials. Matrix inversion to determine [A], as a function
of loading, is straight forward. Numerical integration, to calculate displacements and stresses,
can then be carried out.

Displacements and stresses in the film (j = 1) and in the substrate (j = 2) are

2 2
ux, y) = \/;TJ U; sin o X da, vi(x, y) = \/;J V; cos(ax) do
0 0
2 dv;
U'Q=\/:f{()\j+2Gj)an+)\j—j}cos(wc)da Q27
('S dy

. 2 dv;
o, = ;! )\jan+()\j+2Gj)d—y cos{ax) da
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4 2 du;
o, = \ﬁ;j {Gj (d—y’ R vj) sin(ax) da
[4]

Solution for even forward problems, that is, problems involving normal traction boundary
conditions on the film surface, is now complete.

For shear loading, cosine and sine transforms are used in Eq 18 for displacement functions
u(x, y) and v(x, y), respectively, with Uj(a, y) and V(a, y); j = 1,2 given by Eqs 23 and 24.
Matrix [K] differs and is determined as for the case with normal tractions. The first ten equations
corresponding to those for the normal load are obtained using identical reasoning. When only
shear tractions are applied, the film surface must be free from normal tractions. This yields the
eleventh equation. Finally, the shear traction applied on the free surface of the film provides
the twelfth equation. Calculating the constants of the displacement equations with the [K] matrix
and computation of displacements and stresses proceeds as for the previous case. Since the
principle of superposition holds, the case of a general surface traction is handled by summing
calculated results for normal and shear tractions. Alternately, Fourier exponential transforms
may be used.

Calculated Results

When hard coats are used to protect light alloys of aluminum, titanium, etc., substrate mod-
ulus, E, is lower than that of the film, E;. To evaluate the significance of variations in elastic
properties, calculations have been made with E;, = 1.0 and letting E, vary between 0.2 and
5.0. Substrates more compliant than the film are characterized by E,/E; < 1, and stiffer sub-
strates have E,/E; > 1. Poisson’s ratios also differ, with hard materials possessing u = 0.25
and metallic alloys between 0.3 and 0.35. Poisson’s ratio is taken here as 0.25 or 0.33 for the
film. That of the substrate is kept always at 0.33. Typically, physical vapor deposition (PVD)
hard coatings in use range in thickness between 5 X 10% and 10 X 10> nm. In most calculations,
film thickness is taken to be 1000 nm.

Calculations have been made here for isolated normal and shear tractions (line loads, P and
0, shown in Fig. 1) applied at the origin. Representing these as delta functions, it can be shown
that the transform of the loading function, p,,, needed for displacement and stress calculations
is po = Plmor p, = Q/r, for the normal and shear line tractions, P and (, shown in Fig. 1.
For a normal strip load of intensity, p,, applied between — a and + a and directed along y, p,
is given by

Pa = Po {M} (28)

ma

Transforms for shear loading, flat punch indentation, Hertzian contact, etc., are known [/-9].
In Hertzian contacts, stresses vanish at contact extremeties. The case of a strip load is expected
to be more severe on film-substrate interface stresses than Hertzian loading. We have therefore
used line loads and strip loads as principal contact loadings to examine interface stress issues.
Extending this to elliptic contact stress distribution involves use of Bessel functions and it is
straightforward.

Film flexure stress, o, generated at the film-substrate interface of a coated solid by a unit
normal line load (P in Fig. 1 and p,, = 1/7) applied at the origin are shown in Fig. 2a for (E,/
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E)) ratios ranging between 0.2 and 5.0. Stresses have been determined for x/A values to 4,
where h is the film thickness. Since the Young’s modulus of titanium nitride is ~ 560 GPa,
titanium alloys ~ 120 GPa, and aluminum alloys ~ 70 GPa, calculated results presented in
most of the figures generally span the property ranges that would be of interest. For the light
alloy coating, E,/E; < 1 range applies, and here the flexure stresses in the film, immediately
below the line load, are tensile (positive values signify tension). Peak tensile stresses increase
with increasing substrate compliance.

Calculated interface bearing stresses, o,, are shown in Fig. 2b. The bearing stress is com-
pressive everywhere with lower peak values in more compliant substrates. Since displacements
due to surface loading are distributed over a larger volume of the substrate in more compliant
substrates, bearing stresses are lower.

When the bearing stress at the interface is tensile, this stress component tends to separate
the film from the substrate. In subsequent sections, the term “lift-off stress” is sometimes used
to designate tensile bearing stresses.

The “isometric” or three-dimensional representation of flexure stress, o,, as a function of
substrate modulus, shown in Fig. 3a, is presented to emphasize the significance of substrate
compliance. The case of E,/E; = 1 that approximately (approximate because film . = 0.25
and substrate ;& = 0.33) represents an uncoated solid, is included to provide a reference basis.
Displacements distributed over a larger volume of the substrates will tend to lower the film-
substrate interfacial shear stress. This is confirmed by the calculated results shown in Fig. 3b.

High film flexural stresses can lead to film failure by fracture processes, since most hard
coating materials used are refractory metal compounds with a limited capacity to relax occa-
sional overstressing with plastic flow. Film fracture and the fragments generated in a tribo-
conjunction of a closed tribological system can defeat the purpose of coating. High film flexure
stresses are therefore undesirable.

High tensile stresses at the film-matrix interface can be lowered by raising the film thickness.
That this is feasible is clear from the calculated results shown in Fig. 4a for a compliant substrate
with E; = 0.25 and p = 0.25. There is a sharp drop off in peak tensile stresses as the film
thickness is raised from 500 to 1500 nm. To demonstrate this better, calculations have been
extended to 5000 nm. Results are shown in Fig. 4b. Raising the film thickness offers a viable
means of relocating the vulnerable interface at a less severely stressed part of the coated solid.
The needed increase in film thickness is not unrealistically high (within the cost-effective range
of PVD processes).

Stresses generated at the film-substrate interface by a unit shear line load applied at the origin
(Q in Fig. 1 and p, = 1/ are shown in Fig. 5. To evaluate the significance of substrate elastic
properties, film-substrate interface stress components, oy, and g,, and 7,,, have been calculated
for a very compliant substrate (E,/E, = 0.2) and for a relatively stiff substrate (E,/E, = 5).
Film thickness is taken to be 1000 nm, and Poisson’s ratios are assumed to be equal, with
p = 0.33.

As in the case of a normal line load, substrate displacements now span larger lateral dimen-
sions when the substrate is more compliant. Shear stresses induced at the film-substrate interface
are also lower. Two problems are noted; tensile flexural stresses, o, are generated in the contact
wake and the bearing stress, o,, becomes positive (that is, a lift-off stress) in the same region.
Flexural stresses induced are very significant when the substrate is elastically much softer than
the film. On the other hand, lift-off stress is much higher when the substrate is stiffer than the
film,

Distributed tractions are much more common in tribological contacts than the ideal line loads
considered so far. The simplest of these involve uniform loading over a contact width, 24, as
shown in Fig. 1. Two contact classes of interest in tribological applications are the narrow
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FIG. 2—Calculated interface stresses as a function of modulus ratio, E,/E;. Unit normal line load
applied at the origin: (a) variation of flexure stress, o, and (b) variation of bearing stress, o,
(h = 1 wm; p = 0.33 for the film and the substrate).
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Flexure Stress

Flexure Stress

FIG. 4—Variation of flexure stress, o, at the film-substrate interface as a function of film thickness
for a modulus ratio of Ey/E; = 0.25: (a) film thickness range: 0.50 to 1.50 pm and (b) film thickness
range: 1.0 to 5.0 pm (. = 0.25 for the film and 0.33 for the substrate).

contacts where the contact width is a small multiple of the film thickness and wide contacts.
The narrow contacts approximate high stress contacts as, for example, those that occur when
small hard particles impact a surface at high velocities (erosive contact). Wider contacts are
common in boundary-lubricated and hydrodynamically-lubricated tribological conjunctions.
Calculated flexure stresses at the interface due to a uniform normal load in a narrow contact
(a/h = 3) and a wider contact (a/h = 10) are shown in Figs. 6a and b. In both cases, the film
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FIG. 6—Flexure stress, o, at the interface due to a unit normal strip load at the origin as a
function of film-substrate modulus ratio, E,/E,. Flexural stress, o, changes sign as the substrate
modulus is raised: (a) narrow contact: contact width = 3 h and (b) wide contact: contact width =

10h (h =1 pm; . = 0.25 for the film and 0.33 for the substrate). Note the stress reversals in
compliant substrates.
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thickness is 1000 nm. Results presented span the substrate modulus range of 0.2 to 2.0. Cor-
responding results for distributed shear tractions are shown in Figs. 7 and 8. As before, the
film thickness is 1000 nm. Contact width and substrate compliances have been varied.

In narrow contacts, as when a/h = 3, flexural stresses in the film are highly tensile even with
distributed normal tractions if the substrate is more compliant than the film. The bearing stress,
o,, and the shear stress, 7,,, at the film-substrate interface pose no special problems. As in the
case of isolated line load, it may be possible to remedy the tensile flexural stress problem with
a judicious choice of the film thickness.

Whenever the contact dimensions are much larger, as when a = 10 A, film flexural stresses
are not tensile within or outside the contact for uniform normal tractions. Flexural stresses are
compressive regardless of the substrate modulus as long as contact occurs over a region much
larger than the film thickness. Stress reversals observed in wider contacts involving compliant
substrates can have more adverse consequences in applications involving periodic contact or
cyclic loading.

If transverse forces are applied to obtain relative motion, a frictional resistance to movement
appears at the contact as a shear stress with a magnitude proportional to the normal stress. The
proportionality constant is the friction coefficient. In a coated part, distributed shear loading
gives rise to large, tensile flexural stresses in the film and at the film-substrate interface. Cal-
culated results for a/k = 3 and a/h = 10 are shown in Figs. 7 and 8. The stress component,
oy, at the film-substrate interface, tending to separate the film from the substrate, also becomes
tensile in the wake of the contact, that is, for negative x/a values. Softer substrates are, however,
less hazardous in this regard than stiffer substrates.

The calculated results show that in extended contacts adverse stresses are induced primarily
by the tangential component of surface tractions. Flexural stress, o, is high in the contact wake,
with severity rising with decreasing substrate modulus. The lift-off stress, tending to separate
the film from the substrate, rises when the substrate is stiffer. But for realistic bearing stresses
in well-engineered sliding contacts, flexure stresses in the film and film-substrate separation
stresses due to tangential tractions are unlikely to be particularly hazardous. This is so since
bearing stresses are limited to low values (usually less than 10 MPa, and the prevailing friction
coefficient is also low due to, at a minimum, boundary lubrication (with a typical numerical
value around 0.15).

Discussion

Film-substrate interface stress calculations show that hard coating is a viable solution for
wear protection in extended contacts even when the substrate modulus is much lower than that
of the film. The film used must, however, be a hard coating in order to reduce the wear coef-
ficient to small values. To prevent wear of the counterface, both surfaces in contact will require
hard coating.

When hard coats are used for erosion protection, since the eroding species are small, the
width of the contact between the erodant and the solid is small as well. At the small a/h ratios
that tend to prevail, tensile flexural stresses in the film can be a problem in normal erosive
impact, if the substrate modulus is much lower than that of the hard coat. Under low-angle
erosion conditions, the tangential component of the contact load can generate large film-sub-
strate separation stresses in the wake (trailing side) of the contact, especially when the substrate
is less compliant than the hard coat. In instances where the substrate is more compliant than
the film, tensile flexural stresses are rather high in the wake of the contact. Film fracture is
possible. Use of a higher film thickness may offer a viable solution.

From the results of the calculations, it is clear that residual compressive stresses in coated
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FIG. 7—Calculated interface stresses, o and o, due to a unit tangential strip load applied at
the origin. Narrow contact: contact width = 3 h. Flexural stress (top) is tensile in the wake of the
contact for all substrate moduli. Higher flexure stresses for more compliant substrates. Lift-off stress
(bottom) is greater with stiffer substrates (h = 1 pm; W = 0.33 for the film and the substrate).
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FIG. 8—Calculated interface stresses, o, and o, due to a unit tangential strip load applied at
the origin. Wide contact: contact width = 10 h. Flexural stress (top) is tensile in the wake of the
contact and is much larger in wider contacts (compare with Fig. 7). Lift-off stress is tensile in the
wake of the contact but is less strongly affected by the width of loading than the flexure stress
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components are, in general, preferred over tensile stresses. Large, tensile flexure stresses at the
film-substrate interface generated by the operating loads can at least be partially offset by
compressive residual stresses. Film deposition conditions that consistently result in residual
compressive stresses in hard coats are therefore preferred. It should, however, be recognized
that when light alloy parts are coated, substrate yielding is likely to limit the maximum feasible
residual stress.

Summary and Conclusions

A direct method is developed and applied in this study to calculate the stresses and displace-
ments at the film-substrate interface on coated solids. It is based on the displacement formu-
lation. Plane-strain deformation of a semi-infinite solid is used to model] loaded contacts. The
problem is formulated initially for homogenous solids and then extended to the analysis of
coated composites. Problems involving line loads and strip loads acting along directions normal
and parallel to the coated surface have been examined. Film thickness, the film-to-substrate
elastic modulus ratio and the ratio of contact width to film thickness have been varied. Quan-
titative results have been obtained.

The results suggest that film flexure stresses can lead to film fracture when the contact
dimensions are small, the contact stresses are high, and the substrate is much more compliant
than the protective film. These problems can be handled by selecting a better combination of
coating and substrate materials, changing the thickness of the coating, and modifying the film
deposition conditions to induce residual compressive stresses in coated composites.

Shear tractions (line loads) are more insidious than normal tractions. Large shear tractions
result in high bearing stresses, g,, that tend to lift the film off the substrate. Distributed shear
tractions produce high flexure stresses in the film both in narrow and wide contacts. When
stiffer substrates are used, lift-off stresses at the film-substrate interface can be a problem. In
unlubricated applications where high friction is unavoidable (erosion, especially at high tem-
peratures), film failure due to high flexure stresses and film lift-off will have to be avoided.
Higher film thickness (still in the um range) or multi-layer coatings may have to be used.
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ABSTRACT: Elastic, plastic, and cracking properties of ZrQ,, a ZrQ,-metal composite, and a
Ni-NiO composite, all plasma-sprayed as coatings on metallic substrates, have been studied. Data
comparisons were made with bulk ZrO,, bulk nickel, and single-crystal silicon as reference
materials. A nanoindentation and scratching apparatus was used for the measurements. Three
different indenter and scratching tool shapes were used: 200 um radius sphere, Vickers four-
sided pyramid, and a 45° wedge with a 0.5-mm radius curved edge. During indentation, over a
load range of 10 mN to 1 N, continuous load versus depth data were obtained in each case to
permit analysis for material hardness and elastic modulus. The loading curve data are used to
calculate hardness, and the unloading curve data are used to calculate elastic modulus. The
analytical models used are described and compared. An alternate method for deriving elastic
modulus from the initial portion of the loading curve is described. Comparison among the results
for different tool shapes will be discussed. During instrumented scratching over a similar load
range, values for load, tool depth, and scratch-resisting force were continuously measured. The
applied load was either held constant at one or more selected values, or linearly increased during
scratching. This load variation permitted identification of critical loads for severe cracking dam-
age of the brittle materials. Scanning electron microscope (SEM) studies were used to charac-
terize the cracking damage. The critical load values depended on tool shape and material micro-
structure. The studies identified damage mechanisms in the hard coatings, and critical loads for
damage initiation. Damage morphology typically involved local surface cracking, edge chipping,
and plastic deformation. The relative proportions of cracking and plastic response seemed to
vary with tool shape, material, and microstructure.

KEYWORDS: surface coatings, surface treatments, wear testing, ceramics, coatings, plasma-
sprayed coatings, scratching, indentation, hardness, elastic modulus

Ceramic materials and coatings are of interest for thermal, mechanical, and corrosion pro-
tection of materials and devices in aggressive environments. Examples of current industrial
uses include gas and steam turbine engine blades and vanes, nuclear reactor components, and
low-heat-rejection internal combustion engines [/]. Ceramic material types include oxides,
nitrides, and borides. These bulk materials and applied coatings are characterized by high
hardness, good wear resistance, good thermal resistance, and low chemical reactivity [2,3].
However, hard ceramic materials tend to be brittle and thereby crack easily compared to more
ductile but softer metals. As a compromise, metal-ceramic composites having better toughness
are of considerable current interest.

If ceramic materials and coatings are to be used widely on mechanical system components,
it will be necessary to carry out design calculations that can accurately predict properties or
agree with actual measured performance in service. Usually, this involves development of a
“material model,” in computational form, so that dimensional details can be developed for the

' Guest scientist, Ceramics Division, National Institute of Standards and Technology, Gaithersburg, MD
20899.
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component leading to suitable strength, thermal characteristics, etc. Properties data for the
materials are needed as input in such a modeling effort [4]. Such properties data may not be
readily on hand for new or complex materials, particularly for coatings of variable composition
and microstructure. Therefore, it is necessary to have validated methods for measuring material
properties, frequently on a small, local scale for materials of interest. This research has ex-
amined two measurement techniques that offer promise for this need: (1) instrumented, low
load, indentation and (2) instrumented scratching.

Indentation testing has been widely used to measure the mechanical response of materials,
including both plastic deformation and cracking [5]. Recently, it has become possible to perform
controlled, instrumented indentations at depths of 20 nm or less [6,7]. Information on hardness
and elastic modulus can be obtained by nanoindentation from regions very near the material
surface. Similarly, controlled load-scratching techniques have been developed [8 9] and applied
to measure additional mechanical responses of materials and coatings. Combined use of these
two techniques should provide new insight into the near-surface mechanical properties of ma-
terials, and into the damaging effects of surface finishing of ceramics.

Experimental
Scratching and Indenting Apparatus

A specially designed nanoindentation and scratching system was used in these studies [0,
11]. Tt involves (Fig. 1) an electromagnetic driver with attached diamond tool (indenter) and a

® (1) Indenter
(2) Specimen
B 3) EICCLr(I)nlagnetic Driver
S Power (4) Motorized X-Y Stage
! ® " Er ® Amplifier (5) Normal Force Load Cell
Signal R R (6) Lateral Force Load Cell
Conditioning = & (7) Z Position Sensing
Amplifier Eddy Current Gages
- E(D Servo
\@E’: Circuitry
=0
7 1 T
Wave Form
Generator
Data Aquisition 1
Software Based
. and
Control Unit Computer Control

FIG. 1-—Schematic illustration of the indentation-scratching system.
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position-determining eddy current sensor. The sensor measures the relative displacement be-
tween the diamond tool and the test specimen. A computer-controlled digital waveform is fed
to the driver to apply the load to the tool. Vertical position measurement sensitivity is about 1
nm, and loads are directly measured by a load cell to about 0.1 mN. Thermal drift of the system
in the vertical direction is monitored and automatically corrected by the system software. A
digitally-controlled X-Y position stage allows generation of multiple indentation patterns of
any form, and also permits scratching by translation of the specimen during indenter loading.

The load-time waveform used for indentation in these studies was trapezoidal, typically
ramping linearly from zero to maximum set load (range of 50 to 500 mN) in 60 s, then holding
for 5 s, then ramping to zero load in 60 s. Surface contact (zero depth) was determined by the
change in the indenter tip vibration amplitude as it moved into actual contact with the specimen
surface. Scratching was conducted in this work at selected loads over the range of 10 to 500
mN, and scratch lengths of 0.1 to 0.5 mm. Either stepped (constant) or linear increasing load
waveforms were used for the individual scratches. The ramping load type scratches were most
useful to permit detection of threshold load values for cracking. The stepped-load scratches
were used to examine uniformity of material response, for example, from grain to grain, at
each load increment. In a typical test, motion would not start until the load had been increased
to the desired value. At the conclusion of the scratch, stage motion would stop and the load
would be ramped to zero. Scratching speed was in the range of 2 to 5 /s for all tests. A load
cell measured the lateral force resisting the scratching of the material, and the eddy current
sensor provided tool penetration data. Analysis of data recorded during testing along with post-
test scanning electron microscope (SEM) observations of scratch damage morphology permitted
conclusions to be drawn regarding the material response, which will be discussed later.

Two diamond tool shapes were used for indentation. One was a four-sided diamond pyram-
idal Vickers indenter with a tip angle of 136°, face-to-face. The shape of the tip apex (deter-
mined from scanning electron microscope (SEM) photographs) actually consisted of a short
wedge-tip segment 300 nm in length. The other tool shape was spherical, with a radius of either
120 pm or 200 = 1 um. Two tool shapes were used for scratching studies. One was the Vickers
pyramid, oriented edge-on to the scratching direction, and the other was a wedge-shaped dia-
mond having a curved edge (0.5 mm radius), a —45° rake angle, and a 8° clearance angle. The

FIG. 2—Schematic drawing of the two scratching tool shapes used, (left) pyramidal (Vickers) and
(right) wedge-shaped, curved-edge.
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curved edge was oriented perpendicular to the sliding direction. This type of tool is often used
in single-point diamond turning of crystalline materials. Ilustrations of the scratching tools are
shown in Fig. 2. The curved-edge scratching tool was expected to produce relatively more
elastically stressed volume (because of a wider contact width and area), relatively higher com-
pressive stresses ahead of the tool (because of the flat face-on orientation), and a lower average
contact pressure for a given load. The Vickers diamond pyramid, moved along an edge, was
expected to produce more shearing and lateral displacement of the material ahead of the tool.
Wear of the pyramid tool tip was experienced, and necessitated occasional tool replacement.
Wear of the curved-edge tool was not a problem.

Materials Tested

Several different hard materials were studied. Plasma-sprayed coatings of ZrO,, a ZrO,-
metal composite, and a Ni-NiO composite, on metallic substrates were obtained. Typically, the
specimen size was 10 by 10 by 2 mm, after being cut out of larger coupons. Both surface-
section and cross-section orientations were prepared. For purposes of comparison, bulk tetrag-
onal zirconia (containing 5% yttria for stabilization, sintered, and post-hipped), bulk 99.9%
nickel, and single-crystal (111) oriented silicon specimens were obtained and measured. In all
cases, it was necessary to abrasively polish the specimen surfaces through a range of diamond
grit sizes from 15 um down to 0.25 um, in order to produce adequate smooth surfaces. Con-
siderable porosity was present in the coatings studied, making it difficult to obtain smooth,
uniform surfaces even after polishing. That porosity was a major problem in obtaining repro-
ducible data for the coatings, and was the main factor in choosing a spherical indenter shape
for indentation use in the study.

Results and Discussion
Indentation Measurements

Bulk Single-Crystal Silicon—An example of continuous loading-unloading indentation data
from several tests using a 200-um radius sapphire sphere on a (111) silicon single-crystal
surface is shown in Fig. 3. The substantial amount of recovery of displacement seen on un-
loading is characteristic of a highly elastic material. Some cracking occurred in the silicon if
the loads were sufficiently high, and that contributed to the unrecovered displacement of about
50 nm. Note that the elastic deflection of the apparatus is included in these data, amounting to
about 60 nm at maximum load. Upon unloading, the data initially follow the expected elastic
curve but then deviate increasingly as the load falls. Figure 4 shows more detail associated
with one test. Several different elastic analyses of unloading have been proposed {1216}, along
with other treatments that include elastic-plastic considerations [/7-19]. The analysis method
for sharp pyramidal indenters usually invokes a flat punch analogy, and rests on extrapolation
of the initial unloading curve to obtain the total compliance (slope) and so-called plastic inter-
cept [/3]. Since the unloading curve is usually nonlinear, some judgment is required in the
analysis. One particular extrapolation line for these data is shown in the figure, selected to best
describe the initial unloading slope. Problems usually arise regarding the extent of data to
include in the regression analysis, and the order of the regression fit used [14].

In this work, it was decided to avoid sharp indenter tips in view of the porosity and surface
roughness associated with the specimens. The method of Doerner and Nix [12] was followed
for the modulus analysis, modified to accommodate the spherical indenter. Figure 4 shows the
details for one of these tests. Graphing the reciprocal unloading slope (compliance) versus
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FIG. 3—Load versus displacement plot of four indentation tests on (111) silicon surface using a
200-pm radius sapphire sphere.

reciprocal square root of the intercept depth should lead to a straight line relationship whose
slope is the combined modulus, E* [12], where

UE* = (1 — ¥YE+ (1 — B)E, (1

where E and v are the Young’s modulus and Poisson’s ratio for the specimen and (Subscript
0) indenter material, respectively. Figure 5 shows the analysis for tests on silicon. The known
indentation machine compliance determines the y-intercept. As shown in Table 1, the analysis
of four tests leads to an average elastic modulus of 150 * 18 GPa?, using Poisson’s ratio of
0.223 for silicon, and appropriate elastic constants for the sapphire sphere.

An alternative analysis approach has been developed [20] that utilizes the initial portion of
the loading data to calculate the elastic modulus. According to Hertz analysis, the relationship
between load, P, and elastic deflection, 4, for a ball-on-flat geometry is

P = 094 E* D' p*? 2)

2 Mean value = standard deviation.
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FIG. 4—Load versus displacement for one test on (111) silicon showing (top) extrapolation of
initial slope of unloading curve, used to calculate elastic modulus, and (bottom) details of initial
unloading data.
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FIG. 5—Plot of total compliance versus plastic depth from which the modulus value is obtained
(see Table 1 for details).

where E* is the combined elastic modulus and D is the sphere diameter. A plot of P versus
h*? then allows the determination of E*. This analysis for silicon, corrected for test machine
compliance, leads to a modulus value of 150 = 10 GPa that agrees within experimental un-
certainty with the preceding unloading curve analysis.

In order to determine indentation hardness, a method similar to Field and Swain {/5] for
spherical indenters was followed. Hardness analysis (Meyer hardness) was carried out using
the loading data from the same tests, as summarized in Table 2. The average hardness was 4.7
GPa (using projected surface area), with a ratio of contact radius-to-sphere radius (a/R) of

TABLE 1—Elastic modulus results from unloading data analysis for four tests on (111) silicon (see
Fig. 5 and text for details).

Square Root
Reciprocal Reciprocal Individual
Unloading Plastic Unloading Plastic Elastic
Slope, Intercept, Slope, Intercept, Modulus,
Test g/pm pm pm/g 1/um'”? GPa
1 201.68 0.322 0.00496 1.76 168
2 210.64 0.487 0.00475 1.43 136
3 185.15 0.270 0.00540 1.92 161
4 203.86 0.465 0.00491 1.47 132
Average: E* (g/pm) 11.3
E* (GPa) 110

E (GPa) 150
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TABLE 2—Hardness analysis for four tests on (111) silicon.

Load, Displacement, Hardness (H), Hardness (H),
Test Condition g pm g/pm? MPa
1 Loaded 44 81 0.510 0.070 686
Unloaded 0 0.088 0.405 3972
2 Loaded 89.83 0.890 0.080 789
Unloaded 0 0.140 0.511 5006
3 Loaded 44.62 0.499 0.071 698
Unloaded 0 0.080 0.444 4351
4 Loaded 89.87 0.882 0.081 796
Unloaded 0 0.13 0.550 5393
Averages: H(loaded),
MPa 742
H(final),
MPa 4680
Contact diameter,
am 33

0.083. Adler [27] has recently modeled spherical indentation noting that measured hardness
increases with increasing (a/R). That dependence varies with material, and strictly must be
measured in each case. Physically, the increase reflects the increasing levels of elastic-plastic
accommodation under the indenter. In order to compare hardness measured with spheres at low
loads with Vickers pyramid hardness, for example, at high loads, it is necessary to account for
that strain accommodation difference. In the present case, following Adler, the hardness of 4.7
GPa would increase to an equivalent value of 8.4 GPa at a fully loaded value of (a/R) = 0.5.
For comparison, Vickers hardness measurements over the load range of 1 to 2 N gave an
average value of 9.3 GPa, about 10% higher than the adjusted value for the spherical indenter.
(Most of the difference is based on the use of the surface projected area with the spherical
indenter and the indent face area with the pyramid.)

It is possible to use the spherical indenter results on hardness to determine an estimated flow
stress by using the well-known relationship [22] for plastically deforming materials

flow stress = hardness/3 3

This leads to a flow stress value of about 2.8 GPa (at the deformation equivalent of (a/R) =
0.5). Alternatively, it is possible to utilize indentation results from a set of three differently
shaped indenters to determine parameters in a material constifutive equation, as previously
described for copper [23].

Table 3 summarizes these results on (111) silicon, as well as for the other materials that are
discussed later.

Bulk Nickel—This material was in an annealed state with an average grain size about 3 um.
An example of continuous loading-unloading indentation data from one of the tests using a
200-pum radius sapphire sphere is shown in Fig. 6 (top). The recovery of displacement on
unloading is less than for (111) silicon, as would be expected for a more ductile metal. An
example of one residual indentation is shown in Fig. 6 (bottom). The observed diameter, 23.5
um, is consistent with the calculated average diameter for six tests of 22.65 um, using the set
of final indentation depths recorded. Unloading analysis for six tests following the method
described earlier for silicon gave an average elastic modulus of 106 = 6 GPa, using Poisson’s
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TABLE 3—Summary of measured elastic modulus, indentation hardness, and scratch damage mode for
the materials studied. Average values * standard deviation are given.

Elastic Indentation Scratch
Material Modulus, GPa Hardness, (H), GPa Damage Mode
Silicon, (111} crystal 150 = 18 84 + 1.1
Nickel, polycrystalline 106 = 6 29 *+03
Nickel coating, 34+5 2805
plasma-sprayed,
15% porous
Zircomia, bulk, sintered, 166 *+ 35 58=1.6 microfracture
HIP’d, yttria
stabilized, tetragonal
Zirconia coating, 355 26 =08 pore edge chipping,
plasma-sprayed, microfracture
15% porous
Zirconia + metal 59 =7 36 04 ceramic phase:
coating, plasma- microfracture
sprayed metal phase:
deformation

ratio of 0.33. For comparison, analysis applied to the six loading curves [20] gave a value of
109 £ 10 GPa. Hardness analysis was carried out as described earlier for silicon. The average
measured hardness was 1.7 GPa for (a/R) = 0.10. For comparison at an equivalent (a/R) =
0.5, the adjusted hardness would increase to 2.9 GPa.

Bulk Zirconia—The third reference material chosen was tetragonal-stabilized polycrystalline
95% zirconia — 5 mole % yttria specimens that had been previously used in an interlaboratory
study on mechanical properties. Load versus displacement data from four of the tests are shown
in Fig. 7 (top). As with silicon, a substantial recovery of displacement occurs on unloading,
denoting a highly elastic material. Unloading analyses for the tests following the method de-
scribed earlier gave an average elastic modulus of 166 * 35 GPa, using Poisson’s ratio of 0.3.
Figure 7 (bottom) shows the detailed data at initial unloading for each of the tests along with
the regression fits. Some variation was noted among the tests and was probably associated with
actual material or surface topography differences. Hardness analysis was carried out as de-
scribed earlier. The average measured hardness was 2.7 £ 0.8 GPa for (a/R) = 0.10. For
comparison at an equivalent (a/R) = 0.5, the adjusted hardness would increase to 5.8 * 1.6
GPa.

Nickel Coating—The nickel-nickel oxide coating® was plasma-sprayed (thickness = 0.3
mm) onto steel substrates and showed a typical microstructure for such a coating, as seen in a
cross-section view in Fig. 8. Molten and partially-molten particles had impacted on the growing
layers as the deposit thickened, leading to a lamellar morphology including considerable po-
rosity (size range 2 to 10 um) around the edges of the particles. While the cross section was
polished prior to testing, it still retained considerable roughness due to the included porosity.
A number of (spherical) indentation tests were carried out since considerable scatter was present
in the data due to these microstructure variations. Load versus displacement data are shown
for two of the tests in Fig. 9. For comparison, data from a test of bulk nickel under similar
conditions are also plotted in the figure. Significant differences between the two materials are
seen in both the loading and the unloading data. Most notable is the more plastic behavior of
the bulk nickel, seen by the smaller displacement recovery upon unloading.

? Material supplied by C. Berndt, Stony Brook University, New York, 11794.
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FIG. 6—(top) Load versus displacement for one test on bulk nickel showing extrapolation of initial
slope of unloading curve, used to calculate elastic modulus; and (bottom) optical micrograph show-
ing a 1 N residual indentation.
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elastic unloading extrapolations chosen for analysis, and (bottom) details at the initial unloading
regions for each test.
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FIG. 8—Micrograph showing the cross-section microstructure for the Ni/NiO coating. Dark
regions are voids. The outer surface is at the top, and the steel substrate is marked S.

Unloading analyses for the tests gave an average elastic modulus of 34 + 5 GPa, using
Poisson’s ratio of 0.33. The relative variation is high because of actual material differences in
the different locations due to porosity and metal-oxide proportions. This value is considerably
less than the pure nickel result (106 GPa), believed due to specimen porosity, with some etfect
associated with the nickel-oxide phase present. Hardness analysis was also carried out. The
average measured hardness was 1.6 = 0.3 GPa for (¢/R) = 0.10. For comparison at an
equivalent (@/R) = 0.3, the adjusted hardness would increase to 2.8 + 0.5 GPa. The result
is close to the bulk nickel value of 2.9 GPa, probably reflecting a decrease associated with
the porosity present and a compensating increase associated with an oxide particle hardening
effect.

Zirconia Coating—This coating was commercially prepared* for a prior study of thermal
barrier coatings of interest for gas turbine blade protection. It had a nominal porosity of 15%
by volume and was sprayed onto a steel substrate with a metal-containing bond coat used in
the initial deposit region. The coating thickness was 0.9 mm. The original surface was polished
in order to produce smoother surface regions for indentation. However, as seen in Fig. 10,
surface porosity was considerable. Note that indentations that fell even near to a pore would
also be affected as the deformation expanded from the center of the indentation with increasing
load. Because of this surface and material variability, considerable scatter was found in the
indentation data. Figure 11 shows the results of two of the tests (spherical indenter) that indicate

“ Specimen provided by Dr. K. Kreider, NIST.
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FIG. 9—Load versus displacement for one test on bulk nickel and two tests on a Ni/NiO coating,
shown on the same axes for comparison.

the range of scatter. Figure 11 (bottom) shows detail near the peak load condition, and the
extrapolations used for modulus determination.

Unloading analysis for the tests gave an average elastic modulus of 35 + 5 GPa, using
Poisson’s ratio of 0.3. The relative variation is believed to be high because of the porosity.
This value is considerably less than the pure zirconia result (166 GPa). Hardness analysis led
to an average measured hardness of 1.7 + 0.6 GPa for (a/R) = 0.10. For comparison at an
equivalent (a/R) = 0.5, the adjusted hardness would increase to 2.6 * 0.8 GPa, less than one-
half of the value obtained for bulk zirconia. This lower hardness is believed due to specimen
porosity.

Zirconia-Metal Composite Coating—This specimen, obtained from a commercial source,
was studied as an example of plasma-sprayed coating technology involving an equal mixture
of metal and ceramic particles. Considerable porosity was also found to be present. The coating
was about 1 mm thick. The specimen was cross-sectioned, polished, and examined. An example
of six of the indentation tests at two loads using the 200-um sapphire sphere is shown in Fig.
12, along with an optical micrograph of a region of the cross-section surface. The observed
scatter in the data can be attributed to the local variation in microstructure.

Analysis of the unloading data gave an average elastic modulus of 59 *= 7 GPa, using
Poisson’s ratio of 0.3. This value is significantly larger than the porous zirconia coating, but
still considerably less than the pure zirconia (166 GPa). Hardness analysis led to an average
measured hardness of 2.1 = 0.2 GPa for (a/R) = 0.10. For comparison at an equivalent (a/R)
= 0.5, the adjusted hardness would increase to 3.6 * 0.4 GPa, somewhat more than one-half
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FIG. 10—SEM micrograph showing the cross-section microstructure for the zirconia coating.
Dark regions are pores. Bright edges correspond to particle boundaries with adjacent pores.

of the value obtained for bulk zirconia, but larger than the hardness of the porous zirconia
coating. [t appears that metal addition, at a 50% level, increases both elastic modulus and
indentation hardness, relative to the ceramic (zirconia) coating. This may be a result of better
bonding within the deposit, and of the load-carrying capacity (elastic and plastic) of the metal
particles.

Scratching Measurements—Single-point scratching has been used often as an additional
technique to supplement indentation [8,9]. At light loads, it is a sliding contact process; at high
loads, it becomes a material removal process. Scratching introduces a significantly different
stress state in the material compared to indentation [24-26]. For hard, particularly brittle ma-
terials, scratching produces significant tensile stresses behind the contact, and these probe the
resistance of the material to cracking [27,28]. Since many hard coatings are used in sliding
contact situations, a scratching test should be useful to indicate differences in expected perfor-
mance among materials of interest. Controlled, instrumented scratching tests were applied in
this study to the two zirconia coatings and the bulk zirconia described earlier. It was of particular
interest to determine the mode of local material failure in each case, and to determine, if
possible, the critical load on the contact for initiation of severe failure.

Bulk Zirconia—The pyramidal tool was used for this material, oriented with one edge facing
the direction of sliding. A load range of 10 to 250 mN, using a linear ramping function, was
studied. One example of the test results is shown in Fig. 13. The upper photograph shows two
scratches with a load range of 10 to 100 mN at the bottom, and 100 to 250 mN at the top.
Details of the lower load range are seen in the SEM photograph below. The response to this
tool appears largely “plastic,” involving built-up edges to the scratch and associated loose debris
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FIG. 11—Results of two tests on zirconia coating showing (top) load versus displacement data
and elastic unloading extrapolations chosen, and (bottom) details at the initial unloading regions

for each test.
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FIG. 12-—(top) Load versus displacement results from six tests on zirconia-metal composite coat-
ing. (bottom) Optical micrograph showing the cross-section microstructure for the coating. Dark
regions are voids. Bright regions are metal particles. The remainder is zirconia.
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FIG. 13—Pyramidal tool scratches in bulk zirconia: (top) optical micrograph showing two
scratches; lower with load varying 10 to 100 mN, left to right; upper with load varying from 100
to 250 mN, left to right, and (bottom) SEM micrograph of lower scratch showing debris particles
at the scratch edge.
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particles and flakes. The debris at the scratch sides appears to be created by local, micro-fracture
processes as the tool progresses. No larger scale cracking is seen, up to 250 mN load, that is,
any critical load for severe cracking would be higher. The damage associated with scratching
appears to increase steadily with load. No particular failures are seen to be associated with the
grain boundary regions in the material.

Zirconia Coating—Two different tool shapes were used on this material, the pyramidal tool
oriented with one edge facing the direction of sliding, and the 45° wedge/curved-edge tool.
With the latter tool, a linear-ramped load range of 10 to 250 mN was studied as well as a series
of stepped loads over a similar range. An example of test results involving three separate pairs
of scratches with the wedge tool, each 200 um in length, is shown in the optical micrograph,
Fig. 14. The left pair has load varying continuously from 10 mN at the top to 250 mN at the
bottom (scratching direction downward). The center pair has a two-step load function with 120
mN over the upper half (100 um long) and 170 mN over the lower haif, and the right pair has
a two-step load function with 70 mN over the upper half and 220 mN over the lower half.
Arrows mark the beginning and end of each pair of scratches. The linear increasing load case
(the two scratches at the left) shows a critical load for severe cracking to be about 140 mN. In
agreement, the constant load scratch at 170 mN shows almost continuous cracking, as does the
segment at 220 mN. However the porous regions in the microstructure show local damage at
loads as low as 40 mN. In regions where there are no pores, loads as high as 120 mN may not
lead to much cracking damage. Thus in this material, damage occurs at much lower loads where
pores are located. More detail on this damage is seen in Fig. 15 (top) for the scratches with
load change from 70 to 220 mN. Considerable edge chipping is seen at pore locations even at
low loads. More widespread cracking damage appears to develop from the pore regions.

FIG. 14—Optical micrograph of three pairs of radius tool scratches, each 200 p.m long, in zirconia
coating: left pair has load varying continuously from 10 mN at top to 250 mN at bottom; center
pair has a two-step load function with 120 mN over upper half and 170 mN over lower half; right
pair has a two-step load function with 70 mN over upper half and 220 mN over lower half. The
arrows have been placed at the beginning and end of each pair of scratches. Scratching direction
is downward,
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FIG. 15—(top) SEM micrograph of the right pair of scratches showing details of cracking damage
where the loads are 70 and 220 mN, and (bottom) SEM micrograph of Vickers scratch in zirconia
coating over a load range of 180 (top) to 220 mN (bottom).
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Figure 15 (bottom) shows the damage associated with a pyramidal tool scratch over a similar
load range to that discussed earlier, again indicating the localization of damage at existing
pores. Comparison with Fig. 13 shows the considerable difference from the behavior found in
dense, bulk zirconia for this same tool shape.

Zirconia-Metal Composite Coating—The pyramidal tool was used over a linear ramped
load range of 10 to 250 mN. An example of test results is shown in Fig. 16. The upper
micrograph shows a scratch over the load range from 100 mN (at the left) to 250 mN (at the
right). The measured load variation and tool depth are shown in the graph below the micrograph.
The material response appears largely plastic, although edge chipping is seen at two intersected
pores. Those two pore locations cause abrupt increases in tool depth, and because the system
has a servo link between load and depth (to keep load more constant), the load temporarily
decreases near the larger pore. It is also seen that when the tool crosses over two (marked)
metal regions, the lower local hardness allows increased tool penetration. In the micrograph,
the metal regions scratched show lateral material flow from the scratch that causes an uplift at
the boundary with the neighboring zirconia regions. The uvplift leads to bright edge contrast at
parts of the boundary. There is some debris at the side of the scratch similar to the bulk zirconia
specimen results. No large scale cracking is seen, up to 250 mN load, that is, any critical load
for severe cracking would be higher in magnitude. It appears that this material falls between
the dense zirconia and the porous zirconia in resisting scratching damage, even though it is
also porous.

Summary and Conclusions

In summary, this study of several hard materials and coatings was intended to examine some
promising methods for material property measurements. Instrumented microindentation was
able to provide data on hardness and elastic modulus on selectable size scales depending on
the microstructure. Instrumented scratch testing was able to provide data on coating scratch
resistance, and damage mechanisms involving plastic and brittle behavior.

Several conclusions can be drawn from the experimental results described earlier concerning
low-load indentation and scratching techniques.

1. Indentation measurements using load and displacement time-resolved data can provide
hardness and elastic modulus values for hard, bulk materials that agree, typically within
10%, with values determined by more convention testing. The results vary somewhat
depending on the analysis method used. Use of these methods with hard coatings, how-
ever, requires proper consideration of substrate effects. Those effects are relatively more
substantial for thinner coatings and higher loads. Finite element analysis of the coating-
substrate combination is important to proper data interpretation.

2. Instrumented scratching using load and displacement time-resolved data can determine
local material damage and failure mechanisms, critical loads or pressures for cracking,
and indicate the effects of pre-existing flaws. Since scratching produces different stressing
conditions than does normal indentation, it provides a valuable adjunct to the results from
indentation testing alone. For coated systems, instrumented scratching tests may be par-
ticularly appropriate where sliding contact applications are being considered. Two areas
needing further work are analytical modeling of scratching stresses and the effect of tool
shape.

3. Surface porosity and surface finishing damage can significantly affect hard-coating re-
sistance to sliding contact. Conflicting requirements may appear, such as achieving low
thermal conductivity by the introduction of volume porosity, while also achieving ade-
quate resistance to loaded, sliding contacts.
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4. Further improvements to the indentation and scratching test methods and analyses would
be beneficial for better hard-coating evaluation, particularly for the assessment of material
microstructure effects.
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ABSTRACT: A chromium cermet coating, about 150 wm thick, was formed on carbon steel
with the gas transport self-propagating high-temperature synthesis (SHS) coating process. The
present paper is concerned with the preparation method, property evaluation, and abrasive wear
behavior of the SHS coatings. The experiment reveals that there is excellent adhesion between
the coating and the substrate, with less matrix damage and good abrasive wear resistance com-
pared with chemical vapor deposition (CVD)-Cr,C; coatings. Investigations indicated that an
intense metallurgical interaction, gradient composition distribution, and unique forming process
are the major reasons for the superior performance of the SHS coatings. It is analytically shown
that there is a relationship between the size of the abrasive, the coating thickness, and the abrasive
wear resistance.

KEYWORDS: surface coatings, surface treatments, wear testing, combustion synthesis, gas
transport, cermet coatings, diffusion, coating bonding, abrasion resistance, abrasion wear

Usually, wear resistance is a crucial factor in mechanical design, because many machine
component failures are due to wear. One economical way to improve component life is to
deposit ceramics or cermet hard coatings on soft or inexpensive materials such as. steel, alu-
minum, etc. Up to now, great efforts have been made on surface techniques. Chemical vapor
deposition (CVD) is one of the most important means [/—4]. The main advantages of CVD in
engineering are the wide range of available coating materials (metallic, nonmetallic, and com-
posite films) and excellent surface finishing (roughness less than 0.1 wm normally). However,
the crucial forming conditions, consisting of more than 1000°C that can last for hours, can be
difficult for many ordinary structural materials that can be seriously damaged during the
procedure.

In recent years, a highly exothermic reaction, the self-propagating high-temperature synthesis
(SHS) or simply, combustion synthesis, has been explored for making various advanced ce-
ramic materials [5-9]. Once ignited, the reaction becomes self-sustaining and rapidly propa-
gates through the reactant mixture in the form of a combustion wave at elevated temperature.
The reactants are immediately converted into final products when the wave spreads over. As a
principal branch of SHS technology, gas transport coatings deal with new processes in which
thin coatings, 10 to 250 um, are deposited onto various surfaces such as metal, ceramics,
graphite, etc. The SHS coating process is situated, in principle, between gas phase condensation

! Assistant professor and professor, respectively, Lanzhou Institute of Chemical Physics, 730000, Lan-
zhou, China.
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and diffusion saturation [10]. At present, work is concerned with alloy coatings, such as, iron-
chromium-boron (Fe-Cr-B), iron-chromium-boron-aluminum (Fe-Cr-B-A1), chromium-nickel-
aluminum-yttrium (Cr-Ni-A1-Y), etc. and limited ceramic coatings, such as, TiN, TiCN, etc.
[111.

In this work, a chromium cermet coating and its characteristics and tribological behavior are
investigated. Also, a comparison between a CVD coating and a SHS coating of similar com-
position is investigated.

Principles of Gas Transport SHS Coating

A typical SHS reaction-based thermite for synthesis of refractory phases can be written
AO + Al + X — AX + Al1,0; €]

where

AO = oxide of Element A, usually being transition metals;
X = oxidizer, such as C, Si, B, N; and
AX = desired compound formed by A and X.

The most remarkable features of Eq 1 is the generated temperature above the melting point
of alumna. One example of such reaction is as follows

MoO; + 2A1 + 2Si — MoSi, + Al1,0, 2)

However, in a coarse-grained and uncompacted system, the initial contact area is so limited
that the related solid reaction is nearly impossible or, at most, only at a very low rate. This is
due to the fact that the reactive diffusion at the minimum contact surface has a huge energy
barrier. Some additional agents, called gas transport agents (GT As), are added to provide a gas
transport action that can speed up the solid reaction. It can be explained as follows.

For a solid system where A(s) + B(s) — AB(s) at a lower temperature (T) zone, A(s) will
first react with D(g) (GTA) to form a gaseous compound, AD(g). While at a higher temperature
(T,) zone, AD(g) will decompose and react with B(s) to form the AB(s) product, consequently.
The general scheme of the reaction can be expressed as

A(s) + D(g) - AD(g) Zone 1 (T)) 3)
AD(g) + B(s) = AB(s) + D(g) Zone 2 (T3) )

Since the transferred A(s) reactant can be condensed on the surface of the other B(s) reactant
by the AD(g) medium, the contact area can be greatly increased and the solid reaction can be
started up successfully. The chemical nature of the gaseous carrier may be different for various
reactants, but as a general rule, carbon can be transferred by hydrogen, and metal by halogens.

This principle can also be utilized to the SHS coating process. If B(s) is the element on the

TABLE 1—Chemical composition of the substrate.

C Si Mn P S Cr Ni Fe
0.42 to 0.49 0.17 to 0.37 0.50 to 0.80 <0.04 <0.04 <0.25 <0.25 balance
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TABLE 2—Mechanical properties of the temper-treated substrate.

Yielding Strength, Ultimate Strength, Strain, Vickers Hardness,
MPa MPa % GPa
500 700 17 4.1

substrate surface, the AB(s) compound will be produced in situ, as AD(g) reaches the surface.
Further, if complex GTAs are used, the reactants that form the SHS procedure, such as those
in Eq 1, can also be transferred, and a coating with the desired chemical products can be finally
obtained. Since both the energy necessary for the gas transport reaction and the transferred
chemicals come from the SHS reaction, this is called gas transport SHS coating process (or the
“SHS coating” in this paper).

Experimental Procedures
Substrate Preparation

For practical consideration, a No. 45 carbon steel (AISI 1045) is chosen as the substrate
material, and its original chemical composition and mechanical properties are given by Tables
1 and 2.

The size of the substrate is 24 mm in diameter and 10 mm in height. Prior to the coating
process, the substrate is ground to a surface finish of 0.5 um and followed by acetone ultrasonic
cleaning.

SHS Coating Procedure

A previous investigation [/2] demonstrated that the characteristics of SHS coatings, such as
thickness, roughness, hardness, adhesion, microstructure, and so on, could be strongly influ-
enced by the following factors: ambient pressure of the gas, batch size of the reactants, variety
and amount of GTA, compact density of the charge, preheating temperature of substrates, etc.
Therefore, the authors chose a set of process parameters (Table 3) and reactant mixture (Table
4) to optimize their research here.

The reactants are gently mixed with a blender protected with nitrogen gas for 20 h and then
compacted with a die. Everything is then set up as shown in Fig. 1. The unit is evacuated at
the end of preheating, which is necessary to attain the suitable temperature of the matrix, and
is filled with argon to a desired pressure. A tungsten coil is subsequently used as an igniter that
is electrified by a transformer (10 to 30 A). To be reliably initiated, the mixture is not directly
ignited by the tungsten-igniter, but by a chemical furnace medium located on top of the com-
pacted mixture. The medium is composed of aluminum powder, barium peroxide (Ba0O,), and
potassium chlorous (KC10;) with a mass ratio of 1:4:0.7. The SHS coating process can be
completed during a few seconds.

TABLE 3—Used processing parameters for the SHS coatings.

Medium gas Ar
Ambient pressure, MPa 20
Batch size of the charge, g 8.0
Preheating temperature, °C 150

Compact porosity, % 45
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TABLE 4—Reactants used in SHS coating deposition.

Purity, Particle Size, Mass Percentage,

Chemicals % mesh %
Chromium oxide, CrQO; 92.0 300 36
Chromium oxide, Cr,0, 98.0 300 27
Carbon black, C 999 800 9
Aluminum powders, Al 97.0 200 26
Yitrium oxide, Y,0; 99.9 400 0.8
Ammonium oxyhydrate, NH;OH 98.0 400 0.4
Sodium chloride, NaCl 99.9 400 0.8

Preparation for the CVD Coating

The reaction for the preparation of CVD- Cr,C; coatings is conducted by
7CrCl1, + 7H, + 3C — Cr,C; + 14HC] 5)

where the carbon comes from the treated steel. The coating is prepared at 1000°C and argon
atmosphere with a low pressure CVD facility®>. According to the report, the features of the
prepared specimen are a coating thickness of 7 to 10 um, surface hardness of 7.8 to 8.6 GPa,
and forming phases of Cr,C; + 45 to 55% Cr.

2 The coating preparation was done at the factory of Jinwei Textile Machinery, Shanxi, China. The
equipment was supplied by Bernex Corporation of Switzerland.
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FIG. 1—Schematic of the SHS coating deposition unit.
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FIG. 2—Schematic of pin specimens reformed from the coating specimen.

Microstructure and Mechanical Properties Tests

X-ray diffraction (XRD, D/MAX-RB, Japan), electron probe microanalysis (EPMA-810Q,
Japan), and scanning electron microscopy (SEM, JEM-1200 EXS, Japan) are employed for the
microstructure examination of the SHS coatings.

The hardness of the specimen is measured in a microhardness tester, with a load of 20 g
(MVK-1, Japan).

The bond strength evaluation of the coatings is carried out by a qualitative method, that is,
by thermal quenching experiments. After 10 min in an air furnace at 950°C, the coated specimen
is quenched in a saltwater solution (10% NaC1) and maintained there for 30 s. This is repeated
until the coating peels. The maximum non-peeling cycles can be used as an indication of the
dynamic bond strength.

Wear Tests

Wear tests are carried out using a pin-on-disk configuration. A piece of silicon-carbide (SiC)
abrasive paper is fitted on a motorized disk. All tests used a 100-mm diameter fixed track, and
the linear velocity can be changed by adjusting the revolution of the motor. The pin specimen
is processed from the coated specimen by spark discharging (Fig. 2). Prior to the testing, the
pin specimen is ground in situ with 600 grit SiC paper. The test variables selected are given in
Table 5.

Wear rate is determined by the ratio of the mass loss to the sliding distance. Finally, the
worn surface is examined with SEM.

TABLE 5—Variables of abrasive wear test.

Normal force, N 2.5, 15.0, and 35.0
Sliding velocity, m/s 0.3, 1.0, 2.1, and 4.5
Temperature, °C 25

Environment humidity 50%

Sliding distance, m 600

Type of motion continuous sliding

SiC grit paper #120 (115 pm size)




152 EFFECT OF SURFACE COATINGS AND TREATMENTS ON WEAR

FIG. 3—Micrographs of the SHS coating: (a) on the cross section and (b) on the coating surface.

Results and Discussion
Microstructure of the SHS Coatings

The specimen takes on a layer of grayish white color as it is lightly polished and the original
coating roughness approaches average roughness degree 1.2 pm. Figure 3 is a cross section
micrograph showing a thickness of about 150 pm. Figure 4 shows the XRD plot for the surface
layer. The XRD analysis indicates that the coating consists mainly of Cr,C;, chromium, Cr;C,,
aluminum, and some other phases that are probably complex oxides of aluminum and carbon.
The amount of the phases lowers in sequence.

The SHS coating, as with the other melt-coating processes such as plasma spraying and laser
cladding, includes three regions: (1) the re-solidifying zone, (2) the transition zone, and (3) the
thermally affected zone (Fig. 5a). The pores appearing on the first zone are due to the escape
of gaseous impurities. At the second zone, a number of fine particles mingling with coarse
dendrites forms an indistinct boundary. This result exhibits that a semi-melting condition has
occurred and has formed a combination of solid ceramic particles with molten steel. This
combination has been proved in thermal quenching to be one of the important reasons for

3.0
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m Cr
4 Al
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FIG. 4—XRD plot for the SHS coating on the surface.
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e

FIG. 5—Microstructure of the SHS coating near the interface of the coating and substrate, (a)
micrograph of SEM, (b through €) X-ray mapping of chromium, iron, aluminum, and carbon,
respectively.

excellent bond strength. The coarse microstructure that occurred in the third zone results in
damage to the microstructure.

X-ray mapping of some elements (Figs. 5b to ¢) shows that there is a gradient composition
distribution protruding into the substrate about 20 um in depth. For clarity, the results are
converted into a linear distribution plot in Fig. 6. It is clear that a mutual element diffusion has
taken place during the processing.
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FIG. 6—Schematic of elemental linear-distribution related to Figs. 5 b through e.

Physical Properties of the SHS Coating

Figure 7 shows the microhardness distribution versus the distance from the edge of the SHS
and the CVD coatings. The coating thicknesses of about 150 to 170 um (Fig. 7a) and about
10 to 12 um (Fig. 7b) can be measured. The hardness value in the SHS coating surface is about
9.0 GPa and then approaches to its low point (2.5 GPa) that corresponds to the molten part of
the steel. This value, however, increases to 3.0 GPa below the heat affected zone (about 3 mm
in width) and remains constant for the rest of the substrate. The local damage to the substrate
is attributed to the violent but transient combustion procedure. In contrast to the SHS coating,
the CVD coating does not have a corresponding region, and its hardness remains at the lowest
level throughout the whole substrate thickness (Fig. 7b). In other words, the substrate is sub-
jected to the entire damage during the CVD process. It is impossible to completely avoid a
hardness drop for substrate materials during the thermal coating processes, but the lower drop
is obviously more favorable to the mechanical properties of the coated articles. In order to
indicate the relative difference in hardness, a damage index, F, is probably effective, and is
defined as

F=H,—-H)/H, (6)

where H, and H,, are the substrate hardness before and after the coating process, respectively.

Table 6 gives the damage index of both coatings. There is less damage for the SHS process
(25%) than that for the CVD process (45%). This result can be attributed to heating patterns.
For SHS, only the coated surface of the article contacts the exothermic procedure that only
needs to last a few seconds. However, for CVD, the whole article needs to be heated to elevated
temperatures and maintained for hours.

Thermal quenching reveals a huge bond strength difference between the SHS and CVD
coatings. For SHS, the quenching cycle exceeds 40, but the coating layer is still intact even if
some of the substrates are split by thermal stress. For CVD, the effective quenching cycle is
never more than 8. As we know, the most important forms of coating bonding are the diffusion
and metallurgical mechanisms. For diffusion, by forming some medium phases, that is, from
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FIG. 7—Microhardness distribution along with the distance of the coating edge: (a) for SHS and
(b) for CVD.

TABLE 6—Damage index, F, of SHS and CVD coatings.

Type H,, GPa H,, GPa F, %

SHS 4.1 3.0 25
CVD 4.1 23 45
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one kind of lattice to another the different materials are connected together. This procedure
can be expedited at high temperature. However, the depth of the diffusion in solid state is still
limited and, therefore, the related adhesion is also limited. The CVD coating is part of this
case. For the metallurgical mechanism, since a melting condition occurs, alloys can be formed
within a wide range by different materials in the boundary zone. To further increase the dif-
fusion coefficient at the liquid state, these alloys have higher strength than do the medium
phases for pure diffusion. In this case, there is higher adhesion. Obviously, the SHS coating
belongs to this one. A strong exothermic reaction, more than 4000 K by theoretical calculation
[13], is sufficient to melt the synthesized products and part of surface layer of the matrix (Fig.
5a) and form a gradient composition distribution in the zone (Figs. 5b through e). All of these
determined the excellent bond strength.

Wear Studies

The abrasive wear rate variation with sliding velocity under variable loads for the SHS and
the CVD specimens is shown in Fig. 8. Note that both the applied loads and the sliding velocity
have a marked influence on the CVD coatings, and only the applied loads affect the SHS
coatings.

For SHS, as applied loads increase, the wear rate increases approximately in proportion, but
the effect of the velocity becomes less sensitive. These results agree with the general rules of
abrasive wear. For the CVD coating, however, the situation is more complex. Under the lightest
load (2.5 N), the wear plot is almost no different from that of the SHS, that is, the increase of
the velocity results in a slight decrease of wear rate. In contrast, under the heavier loads (15
and 35 N), wear rate remarkably increases as a function of the increase of velocity.

Figure 9 shows the abrasion features of the worn surfaces by SEM. It is clear that the plough
mechanism is essentially responsible for the material removal of both coatings. It is not difficult
to see that there are considerable microfeature differences between the SHS and CVD under
high velocity and heavy load (Figs. 90 and d) conditions. The observations indicated that the
worn surfaces were still at the coated layers (Fig. 10a through ¢), but those (Fig. 10d) only
partially worn were at the substrate surfaces, in other words, the coated CVD had been abraded
completely. The SHS coatings are, therefore, far more suitable for being protective coatings
under severe abrasion conditions than CVD coatings that are nearly economically impossible
to use as thicker coatings. It is well known that abrasive wear resistance is not an intrinsic
property of materials but that it depends on a tribological system [/4-16]. Although many
studies have investigated the effect of abrasive size on wear resistance, there are few studies
concerning the relationship between abrasive size, coating thickness, and wear resistance. Two
cases referring to the relative size between an abrasive and the coating thickness are considered,
Fig. 10. In Fig. 104, the size of the abrasive is far more than that of the coating, that is

D,/ D, >>1 ¢

where D, is the grain size of abrasive and D,, is the thickness of coated layer.
If the condition called “hard abrasive” is met, then

H,/H,> 11 (8)

where H, and H,, are the hardness of abrasive and the hardness of worn materials, respectively,
the abrasive should have no problem being indented or even penetrated into the thin coating
under heavy loads or high sliding velocities, or both. There is no question that in this case a
serious wear consequence will be unavoidable. In contrast, in Fig. 105, where the size of the
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FIG. 9—The abrasion features of the worn surface by SEM: (a) 15 N, 1.0 m/s, SHS; (b) 35 N, 4.5
m/s, SHS; (¢) 15 N, 2.1 m/s, CVD; and (d) 35 n, 4.5 m/s, CVD.
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FIG. 10—Schematics of the abrasive size and coating thickness effects on wear resistance: (a) D,/
D,>> 1 and (b) D./D, < I.
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abrasive is less than or equal to the coating thickness, the wear mechanism is categorized for
contact fatigue types in a surface microregion scale, even if the “hard abrasive” condition is
still met [17]. Therefore, only a slight plough is produced. In the present study, where H,/H,,
= 27/9 = 3 and D,/D,, = 115/10 = 11, it is easy to explain the results of the worn CVD
coating. For the same reason, H,/D,, = 115/150 = 0.7 for the results of the worn SHS coating.

Conclusions

Cermet coatings containing Cr,C;, chromium, Cr;C,, and aluminum of ~150 wm thickness
can be obtained on No. 45 carbon steels by the SHS gas transport process. The coatings pro-
duced by this new process have excellent bonding capacity and less matrix damage compared
with CVD coatings. Analysis indicates that the good physical performance can be attributed to
the intense metallurgy interaction and the gradient composition distribution, while the good
property process can be derived from the unique preparation method.

The SiC abrasive wear test (115 wm grit size) with variable load and sliding velocity shows
that the SHS coatings have superior abrasive wear resistance to the CVD coatings, especially
under high sliding velocity and heavy load conditions. The analysis shows that an interrela-
tionship exists between the size of abrasive, the coating thickness, and the abrasive wear re-
sistance. The superiority of the SHS coating over the CVD coating in abrasive wear resistance
may depend on these relationships.
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