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FOREWORD

The overall objective of this 48-month interdisciplinary program was to investigate fundamental

microscopic, macroscopic and continuum phenomena which occur between bare and solid lubricated

ceramic surfaces exposed to a variety of extreme, triboenvironmental conditions. The title of the program

is "Determination of Tribological Fundamentals", DARPA Order No. 5177, WRDC Contract No.

F33615-85-C-5087.

Key government personnel monitoring the program included: Lt. Col. Rte- -. Wax, Dr. KVy

Rhyne and Dr. Benjamin A. Wilcox as the DARPA Program Managers and Bobby D. McConnell as the

WRDC/MLBT Project Engineer. Dr. Larry L. Fehrenbacher (TA&T, Inc., Annapolis, MD) was a

consultant to DARPA, assisting in the programmatic oversight and guidance of the technical efforts.

Various aspects of research were performed within the Technology Support Division of the Electro-

Optical and Data Systems Group (EDSG) of Hughes Aircraft Company, under the direction of

Dr. Michael N. Gardos as the Principal Investigator. The Hughes Program Managers were Dr. Gardos,

Robert W. Seibold, Dr. Arthur B. Naselow and Earl B. Hoist in chronological order of service. The

research activities were conducted by personnel at EDSG and other Hughes groups, ably assisted by

expert subcontractors from academia and industry located in this country and Western Europe.

Hughes personnel performing various technical tasks included Bonnie L. Soriano, Bruce W. Buller,

Patrick S. Davis, Gerald L. Meldrum and Phil M. Magallanes (tribotesting and data reduction), Leo

Fiderer, Dr. Stuart S. Gassel, Larry Czichola, Hans D. Metzler and Jim J. Erickson (tribotester design),

Crawford R. Meeks, Alm A. Tran, John P. Harrell and Rick Williams (mechanical and thermal analyses

by computer methods), Dr. Norman H. Harris, Dr. Daniel A. Demeo and Phyllis J. Kelleghan (ceramic

science and chemical analysis), as well as Dr. Mort Robinson, Mr. Kevin W. Kirby and Dr. John A. Roth

(CaF2/BaF2 single crystal growth, polishing and analysis). Special recognition is given to Dora A.

Monteiro (technical publications).

The Hughes subcontractors and the DoD scientists which closely cooperated within the confines of

the program are properly recognized in the INTRODUCTION AND EXECUTIVE SUMMARY section.
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1.0 Abstract

The objective of this review was to survey the reported surface chemical

interactions of silicon carbide, SiC, and silicon nitride, Si3N4 , ceramic sliding

interfaces with molybdenum sulfide, MoS 2, boron nitride, BN, and titanium

nitride, TiN, solid lubricants from room temperature to 850C (1500°F) in an

oxidizing (air) environment. The SiC was considered both in its pure state and

with A1203 additions. The Si3N4 was considered with the sintering aids,

magnesium oxide, MgO, or yttrium oxide, Y203. Phase equilibrium diagrams were

utilized to give the general relationships within each system. Relevant chemical

studies were reviewed in the literature with the results being of interest to

subsequent design of tribological experiments.



2.0 Introduction

The purpose of this review was to determine what the available literature

would be able to provide in understanding the interactions of the materials to

be studied in the M. Gardos research program entitled: "Determination of

Tribological Fundamentals Governing Friction and Wear of Solid Lubricated Ceramics

in Extreme Environments".1 An important consideration is the phase equilibrium

diagrams for the appropriate systems. While equilibrium will not likely be

achieved under tribological conditions, a knowledge of the eutectic melting

temperatures and phase relations will certainly be helpful in interpreting

experimental results.

In addition, the relevant chemical literature was searched to determine whether

prior research findings might be useful in understanding tribological fundamentals

of the materials of interest.

The characteristics of surfaces and interfaces are of great interest to

tribology. Surfaces and interfaces can be investigated from the approach of

preparing solid surfaces of extreme purity and perfection. However such surfaces

must be maintained in a very high vacuum. 2 The approach assumed in this review

is that real surfaces will be investigated as well in the Gardos study but in a

systematic way so that the results can be reproduced and interpreted by subsequent

analysis.



3.0 Heterogeneous Ceramic/Lubricant Reactions

Even though the present review focus is simply on SiC and Si3N4 ceramic/solid

lubricant interactions the chemistry becomes quite complex in the extreme environment

of wear testing. The presence of sintering aids, A1203, MgO and Y203, as well as

various impurities in contact with the BN, TiN and MoS 2 solid lubricants, in an

oxidizing atmosphere at elevated temperatures and pressures, further complicates

the present study.

In order to better understand the basic ceramic/solid lubricant interactions

the variables investigated must be carefully controlled. Therefore a review of

first the binary system phase equilibrium diagrams, then pertinent ternary systems,

where available, will provide basic information on eutectics, intermediate

compounds and solid solutions which may form.

Eutectic temperatures represent the lowest melting composition point

between two or more compounds in a particular system. The significance of a

eutectic in the tribological regime is that a viscous liquid phase will form

above the eutectic temperature which may drastically increase the frictional

forces involved. More importantly, though, the relatively slow diffusion

controlled solid state reactions between contact surfaces at elevated temperatures

can be greatly accelerated by the presence of a liquid phase. Above the eutectic

temperature, liquid phases are formed. The presence of a liquid phase will

greatly increase the reaction rates as the atomic mobility is increased and

modify the reaction mechanisms as well. 3

In the extreme tribological environment of the present study the SiC and

Si3N4 substrates and the solid lubricants, BN, TiN, and MoS 2, would be expected

to undergo surface oxidation to the respective oxides Si0 2, B203, Ti0 2, and

MoO 3. The presence of alkali or alkaline earth oxides can be expected to markedly

decrease the silica liquidus temperatures (maximum temperatures at which equilibrium

exists between the molten glass and its primary crystalline phases) as shown in

Figure 3-1.4 The liquidus temperatures in the Si0 2 -RO, R20 (R = metal alkali or

alkaline earth ions) systems are drastically reduced in most cases accompanied by

eutectics and the formation of intermediate compounds.

P--



Boron oxide, B203 , has a melting point of 460°C (860-F).5 B203 is a strong

melting point suppressant so that it is commonly used in ceramics (such as glazes,

glasses, and enamels) to flux various oxides and more readily form liquid phases.

Thus the presence of BN solid lubricants or boron impurities in the ceranics

would be expected to form low temperature eutectics with the SiO 2 and other

oxides present with attendant enhanced chemical reaction rates.

Silicon carbide is covalently bonded on the atomic level which makes sintering

of pure SiC powders into a dense polycrystalline ceramic quite difficult. The

use of sintering aids such as aluminum oxide, A1203 , helps promote densification

of the covalent SiC. Hot pressing or hot isostatic pressing in conjunction with

the addition of sintering aids permits the attainment of commercial SiC densities

of 3.25 g/cc or more. The theoretical density of SiC is 3.217 g/cc. The "higher"

than theoretical" value of commercial hot pressed SiC can be attributed to the

presence of impurities such as tungsten carbide, WC, which may be introduced through

grinding of the SiC powders.

Grinding of SiC to a fine particulate powder prior to subsequent ceramic

processing is difficult due to the extreme hardness of the SiC. WC grinding media

and mill liners, although they reduce SiC to 1-5 microns, are themselves partially

consumed in the process and become a major impurity in the SiC. With the use of

sintering aids and careful control of temperature and time, the SiC can be hot-

pressed to a near theoretical density with grain sizes limited to 3-5 microns.

The Norton Company produces a hot pressed SiC (Noralide NC-203) whose micro-

structure contains primarily 6H SiC with small amounts of 33R and 51R poly types.

Trace quantities of B-SiC (3C) are likely to be present as well. Tungsten carbide,

W(SiAl) 2 - 9H and tungsten silicides may also be present in the microstructure. The

non-SiC eiemental concentrations for NC-203 would not be expected to exceed the

following*:

Element Percent Method

aluminium 2.5 atomic absorption--spectroscopy

tungsten 3.5 atomic absorption spectroscopy

silicon (not in SiC) 1.0 hydrogen evolution

boron 0.1 emission spectroscopy

iron 0.3 emission spectroscopy

calcium 0.1 emission spectroscopy
magnesium 0.1 emission spectroscopy

*Technical Data Bulletin for Noralide High Performance Ceramics, Norton P-4

Company, Worcester, MA 01606



Silicon nitride is also difficult to sinter due to its covalent bonding.

Even when high pressure is applied (ie. hot pressing or hot isostatic pressing),

sintering aids are required to enhance densification. 6

Yttrium oxide, Y203 is commonly used as a sintering aid to substantially

improve the high temperature strength of Si3N4 . Approximately 8% Y203 is added to

the Norton Company NCX-34 hot pressed Si3N4 . It also contains other elements per

spectrographic analysis: 3.00 w/o tungsten, 0.75 w/o iron 0.50 w/o aluminum,

0.10 w/o magnesium, and 0.05 w/o calcium.

The microstructure of NCX-34 contains more than 80% %-Si3N4 , with lesser

amounts of yttrium silicate and tungsten silicide. Trace amounts of a-Si 3N4 ,

silicon oxynitride, tungsten-iron-silicide, and yttrium silicon oxynitride

would be expected as well.

Another major sintering aid used is magnesium oxide, MgO, which provides

more toughness to the silicon nitride ceramic. Norton NC-132 hot pressed silicon

nitride contains the following elements by spectrographic analysis: 3.5 w/o

tungsten, 1.00 w/o magnesium, 0.75 w/o iron, 0.5 w/o aluminum and 0.05 w/o

calcium.

The primary crystalline form in NC-132 is at least 80% B- Si3N4 with the

balance being principally a-Si 3N4 and silicon oxynitride. Minor amounts of

tungsten silicon and tungsten-iron-silicon phases are present as well.

The Norton hot isostatic pressed (HIP) version of NC-132 is NBD-100 and

for the NCX-34 is designated NC-144. Slightly higher densities and strengths

would be expected in the HIP processed material as well as more isotropic properties.

p-7



4.0 Silicon Carbide/Solid Lubricant Interactions

The wearing of two silicon carbide, SiC, ceramic rubshoes in contact would

be expected to yield the surface oxidation product, silicon dioxide, Si0 2 . The

process of oxidation would not be complete but would be expected to proceed at a

subsurface diffusion controlled oxidation reaction interface that would move

inward into the SiC bulk ceramic. If intermediate states of oxidation were present

then the Si - SiO 2 phase diagram shown in Figure 4-i would be of interest.
7

Metastable SiO and the presence of two eutectics are indicated in the Si - Si0 2 system.

When the SiC rubshoes are lubricated with the solids BN, TiN, or MoS 2,

surface oxidation would then be expected to result in the following binary

oxide systems: Si0 2 - B203, SiO 2 - Ti0 2, and SiO 2 - MoO 3. The SiO 2 - 8203

system, shown in Figure 4-2, contains a eutectic melting point at 450°C and

95% 8203.8 Higher SiO 2 concentrations result in a higher glass viscosity while

higher B203 yields a lower viscosity. The liquid phase which may form at the SiC

surfaces lubricated with BN becomes an important tribological factor at temperatures

above 450°C. Other important considerations in the SiO 2 - B203 system are the

volatization of B203 and the rapid hydration of 8203-rich glasses. The volatization of

8203 becomes significant above 700*C (1300°F). The hydration of B203-Si0 2 glasses

could further complicate interpretation of experimental results.

When SiC is lubricated with TiC or TiN the surface oxidation product system

would be Si0 2 - Ti0 2, illustrated in Figure 4-3.9 The SiO 2 - TiO 2 eutectic

temperatures are 1550°C and 1830°C with no intermediate compounds being reported.

The eutectic temperatures are higher than the temperature range of interest.

Lubrication of SiC with MoS2 would be expected to result in the SiO 2 - MoO 3

oxide system. Unfortunately the Si0 2 - MoO 3 system phase diagram is apparently not

available in the oxide literature. However the MoO3 would be expected to lower

the liquidus temperatures of SiO 2 quite significantly. The melting point of MoO3
itself is 795"C.I0

If SiC contains A1203 the Si0 2-Al203 binary system would represent the surface

oxidation products as given in Figure 4-4.11 The Si0 2-A1203 system has been

extensively investigated. There is still significant discrepancy in reported

results for the S10 2-AI203 system even though it is the single most important phase

p-s



diagram for ceramists (it contains the clay mineral, kaolinite, and the solid

solution, mullite). The difficulty in studying the SiO 2-A1203 system arises

from the enormous time required to reach equilibrium at elevated temperatures

due to the extremely high viscosity of high Si0 2 -rich melts.

The eutectics in the Si0 2-Al203 system occur at 9 w/o A1203 (1546*C) and

78 w/o A1203 (1912C). The intermediate compound, mullite, 2SiO 2 -3A1203 , melts

congruently as reported by Staronka et al. 11 The work of MacDowell and Beall in

Figure 4-5 indicates the complexity of the SiO 2 - A1203 system w;th "'llite

having a solid solution range and the possible presence of an immiscibility gap

superimposed on the previous diagram of Aramaki and Roy.12

The SiO 2 - A1203 - TiO 2 ternary system is of interest when the solid

lubricant TiN is considered as shown in Figure 4-6.13 The primary phase fields

are rutile, cristobalite, mullite, corundum and TiO 2 .A1203.

The ternary SiO 2 - A1203 - B203, shown in Figure 4-7, would relate to the

surface oxidation products of SiC and A1203 lubricated by the solid, BN.

Again, the B203 causes liquidus temperatures in the SiO 2 - A1203 system to be

significantly reduced. 14  Intermediate compounds, mullite, 2B203,9A1203 and

B203 '2AI203 would be expected to crystallize out from the melt on cooling.



5.0 Si3N4/Solid Lubricant Interactions

The phase relations of interest to the Norton NC-132 silicon nitride

(1% Mg0/99% Si3N4 ) are incorporated in the binary system SiO 2 - MgO as shown in

Figure 5-1.15 The principal features of the diagrams shown are that the reaction

of the sintering aid, MgO, combined with the surface oxidation product of Si3N4 ,

SiO 2, will form the intermediate magnesium silicates, forsterite, 2 MgOSiO2,

and enstatite, MgO'SiO 2.

Forsterite melts congruently, (directly to the liquid phase) at 1890°C,

while enstatite melts incongruently to the forsterite plus liquid phases at

1559°C. There are three eutectics in the SiO 2 - MgO system, one at 1850°C,

the second at 1543°C, and the third on the silica rich end at 1695°C. 15

Of particular interest to the tribological considerations of the SiO 2 - MgO

system are the complex phase relations as a function of pressure and temperature as

illustrated in Figures 5-2, 5-3 and 5-4.16,17,18 As the pressure is increased in

the enstatite system, MgO°SiO 2, (Figure 5-3) the protoenstatite converts to the

orthoenstatite form at 5 k bars pressure and 1400°C.1 7 The conversion of enstatite

to forsterite (2MgO'SiO 2) occurs at 1557°C at ambient pressure but this incongruent

melting (and phase change) occurs at increasing temperatures with increasing

pressure ('1600°C at 5 k bars pressure). Figure 5-1 also indicates that the

melting temperature increases with increasing pressure (from 1557°C) at 0 k

bars pressure to 1800C at 28 k bars. Of even more interest is the complete

suppression of the forsterite form above 8 k bars pressure.
18

Figure 5-2 shows the schematic pressure/temperature relation of enstatite.

As the pressure increases at 865°C, the vapor phase condenses to the solid

enstatite, then to the metastable clinoenstatite. As the temperature increases

at pressure, P, the metastable clinoenstatite converts to a metastable protoenstatite.

At pressure, P, and temperature, 10420C, the stable enstatite converts to the

protoenstatite form.

More detail in the SiO 2 - MgO pressure/temperature relations can be obtained

by looking at the forsterite-silica region (Mg2SiO 4 - SiO 2 ) in Figure 5-5.19.

Figure 5-5.A. indicates that the temperature of congruent melting of protoenstatite

increases from 1560 to 1800"C as the pressure increases from 1 atmosphere to 25 k bars.
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Figure 5-5.B. shows two orthoenstatite to protoenstatite curves for mixture B.

The work of Chen and Presnall indicates that a curve intermediate between those

shown in Figure 5-5.B. would be more appropriate.19 Figure 5-5.C. shows the

pressure-temperature phase diagram (isopleth) for mixture A while Figure 5-5.D.

represents the isopleth for mixture B. The complexity of the pressure-temperature

projection for the entire Mg2 SiO 4 - SiO 2 system is illustrated in Figure 5.5.E.

The introduction of the solid lubricants, BN, TiN, and MoS2, to NC-132 causes

further complications. In an oxidizing atmosphere, the BN, TiN and MoS 2 would be

expected to form the respective oxides, B203, TiO 2 and MoO3 which would be available

to react with the SiO 2 , MgO, W03 and other impurity oxides in the NC-132.

The effect of the interaction of MgO in NC-132 with B203 can be observed in tne

MgO - B20 phase diagram in Figure 5-6.2
0 The MgO - B203 binary includes two

eutectics, at 1146 and 1333°C, and intermediate compounds, MB2, M2B and M3B

(where M = MgO and B = B203). MB2 and M2B melt incongruently at 995 and 1312"C

respectively while M3B melts congruently to a liquid at 1412"C. Of particular

significance to the present tribology study is the low melting temperature of

B203, 460°C, and the coexistence of a liquid phase with solid MB2 below 995"C,

from 0 to 22 w/o MgO.20

The ternary phase equilibrium diagrams would be expected to be quite helpful

in understanding the interactions of NC-132 in the presence of the solid lubricants.

The system Si0 2 -MgO-B203 ternary phase diagram is shown in Figure 5-7.21 In

addition to the previously mentioned binary eutectic points there are ternary

eutectics at 1270 and 1186"C with peritectic points (incongruent melting) at 1327,

1203 and 15106C. 2 1

The Si0 2 -MgO-TiO2 pressure/temperature ternary diagrams, as shown in Figures

5-8, 5-9, 5-10 and 5-11 would be applicable to the solid lubrication of NC-132

with TiN. Figure 5-8 shows the subsolidus compatibility relations at 1480"C

below and above 15 k bars and the pressure effect on the MgSiO 3 (enstatite) +

MgTi205 reaction which forms Mg2 SiO 4 (forsterite) and Ti0 2 .
2 2
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Figure 5-9 shows the effect of pressure (I atmosphere, 10, 15.5, 20 and

40 k bars) vs. temperature for the MgSiO 3 - TiO 2, Mg2SiO 4 - Ti0 2, and MgSi03-

MgO-TiO 2 system.
2 2 The effect of increasing pressure generally was to shift

the eutectic points toward the higher TiO 2 composition regions while raising

the eutectic, liquidus, and subsolidus temperatures.

While the Si0 2 -MgO-MoO3 ternary is not reported in the literature the

MgO-Mo03 binary is shown in Figure 5-12.23 The MgMoO4 -MoO 3 system includes

a 745C eutectic at 80.5 m/o MoO3 and the formation of an intermediate

compound MgMo3011, which melts incongruently to MgMoO4 and a liquid phase at

826°C.23

The Norton NCX-34 Si3N4 contains 8 w/o of the sintpring -id, Y203, as wel

as previously mentioned impurities. The Si0 2-Y203 binary system is shown in

Figure 5-13.24 The Si0 2-Y203 system includes four eutectic points at 1700,

1660, 1900 and 1800:C. Intermediate compounds include congruently melting

Si02,Y203, 3Si0 2 2Y203, and incongruently melting 2Si02'Y203 . The Si02-Y203

system also contains two immiscible liquids above 1700*C on the Si0 2-rich

end of the binary. The melting temperature of Y203 is 2410C and the eutectics

in the SiO 2 - Y203 occur at temperatures above the range of interest for the

tribological study. However, in conjunction with solid lubricants such as

MoO 3 there may be ternary liquid phases well below those seen in the Si0 2-Y203

binary systems.

The Y203-MoO3 binary system is shown in Figures 5-14 and 5-15. The full

binary in Figure 5-14 is incomplete but shows a eutectic point at 740°C and

five intermediate compounds, Y2Mo4015, Y2Mo3012 , Y2MoO 6, Y4MoO 9, and Y6Mo012.
25

The details of the MoO4-rich end of the Y203-MoO4 binary are shown in

Figure 5-15.25 The eutectic point is shown in Figure 5-15 at 8 m/o

Mo03 and 720"C with the compound Y2Mo4015 melting incongruently at 830*C.

Clearly the interaction of MoO3 with NCX-34 Si3N4 will introduce liquid phases

within the temperature range of interest to the present triboo ;al study.



6.0 Conclusions

The following conclusions can be made based on the review of the phase

equilibria literature cited in the present study:

1. Minimizing experimental variables with single crystals and solid

surfaces of extreme purity and perfection would facilitate determination of

tribological fundamentals of these materials. However, commercial materials

and real surfaces are of interest in the Gardos study as well.

2. The use of sintering aids, required to densify covalently bonded

SiC and Si3N4, as well as the presence of impurities introduced in processing

makes the prediction of chemical interactions more difficult.

3. The review of phase equilbria relations between the ceramics and solid

lubricants has provided basic information concerning the conditions under which

liquid phases and crystal phase transformations may occur.

4. The presence of liquid phases, above the eutectic points, will affect

frictional forces as well as greatly accelerate chemical reaction rates at

elevated temperatures.

5. Diffusion controlled surface oxidation would be expected to occur at

elevated temperatures in air on both the ceramic solid lubricant surfaces to

form layers of the oxides, Si0 2 , B203 , Ti0 2, MO 3, as well as oxides of the

impurity and sintering aid compounds.

6. The presence of alkali or alkaline earth oxides can be expected to

markedly suppress the silica liquidus and solidus temperatures, to form eutectic

points and to yield numerous intermediate compounds.

7. The complex phase relations of the Si0 2 -MgO system (applicable to the

Si3N4 containing MgO) included reference to pressure-temperature studies.

Higher pressures were reported to shift the eutectic points toward the higher

TiO 2 composition regions while simultaneously increasing the eutectic, liquidus,

and subsolidus temperatures.
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8. The effect of MoO3, Y203, and W03 on the phase relations of the

ceramic/solid lubricant systems is much less well known. Additional investigation

into their phase equilibria and chemical reactions with SiO 2 is needed.

9. The review of phase equilibria relations are of critical importance to

the design of tribological experiments. However, the attainment of equilibrium

conditions requires lengthy periods at temperature with high silica rich melts

due to the high glass viscosities and low atomic mobilities of SiO 2.

10. The careful determination of experimental temperatures and pressures is

extremely impot Lant in understanding and interpreting tribological fundmentals.

Although experimental constraints make the measurement of temperature espezially

difficult, both accuracy and rapid scan speed are critical requirements.

11. It is apparent that much more information is needed to even begin to

understand the surface chemical interactions of the ceramic substrates and

solid lubricant systems of interest. Review of additional available relevant

literature is recommended in order to provide information concerning the missing

phase diagrams, and chemical interactions not covered in this survey.
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FRICTION OF ALPIHA SILICON CARBIDE UNDER OXYGEN PARTIAL PRESSURE
HIGH RESOLUTION ANALYSIS OF INTERFACE FILMS

Jean-Michel MARTIN*. Thierry. LE MOGNE*. Michael N. GARDOS**

Friction and wear of alpha silicon carbide against itself was
experimentally investigated with a pin-on-flat achine installed in an
Ultra High Vacuum (UHV) chamber equipped with surtace analysis tools (XPS.
AES). The influence of oxygen partial pressure was highlighted.
Characterization of interface materials was carried Out by surface analysis
(AES) of wear scars and Energy Filtered Electron Microscopy (EFD) on wear
fragments. Friction under vacuum is dominated by grain attrition and
partial amorphization of silicon carbide producing high friction values

(w - 0.8). Friction under high partial pressure of oxygen is controlled by
silicon oxide formation and some graphitization of wear products, which are
mainly responsible for low friction values (u ( 0.1). The data suggest that
friction of alpha silicon carbide is tribochemically controlled and
extremely dependent on reactive gases of the environment.

1. INTRODUCTION to friction. Surface tribochemistry of a-SiC

was analyzed by scanning Auger Electron
The fundamentals of the surface Spectroscopy (AES). High resolution analysis

chemistry-related tribological properties of of third bodies, formed as wear fragments,
alpha silicon carbide (a-SiC) are not was carried out in the Scanning Transmission
clearly understood. The friction properties Electron Microscope (STEM) equipped with
appear to depend strongly on the surface Parallel Electron Energy Loss Spectroscopy
chemistry of silicon carbide and also, to a (PEELS) and by High Resolution Transmission
lesser extent, on the crystallographic Electron Microscopy (HRTEM).
orientation [1) [2). The preferred
crystallographic slip direction is the 2. AES/XPS TRIBOMETER
<1120> direction. The plastic deformation

. can occur by means of translational slip in We have developped an U.H.V. tribometer
the direction of closest atomic packing. The coupled with surface analysis
surface of a-SiC is further affected by instrum-ustlon. The diagram of this
temperature [3). because an increase in apparatus is shown in figure 1.
temperature under vacuum causes In this tester a flat disc is rotated
graphitization of the very top of surface or a flat plate is oscillated against a
and yields low friction values. The role of hemispherical pin, in an ultrahigh vacuum
oxygen on a-SiC friction has been also (UHV) chamber. A vacuum environment of 10
studied [4] but as far as tribochemistry is nPa can be achieved. The test chamber can be
concerned, there is no detailed analysis of filled (4) with different partial pressure
the processes involved, of reactive gases for the tribe-tests and

We have conducted experimental work at pumped down for surface analysis. The purity
room temperature in order to emphasize the of the gas can be accurately controlled with
role of tribochesistry and therefore to a residual gas analyzer (11). XPS data
minimize the role of any static interaction acquisition and analysis are controlled by a
of the a-SiC surface with oxygen prior microcomputer. An electron gun (16) with a

probe of 200 no diameter at 10 KV and 0.5 nA
* Ecole Centrale de Lyon. Laborstoire de current permits both low magnification SEN.
Technologie des Surfaces. URA CNRS 855. 36 with the electron detector (15) during or
avenue Guy de Collongue. B.P. 163. 69131 after the friction test. (with video
Ecully Cedex, France. recording for image processing) and Auger
" IHughes Aircraft Company. Electro Optical electron spectroscopy (AES) with the use of
and Data Systems Group. PO Box 902. Bldg El. the electron spectrometer (17). An important
MS F 150. El Segundo, Ca 90245. U.S.A. feature is that both the flat and the pin
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can be imaged and analyzed, because the pin temperature was held to 700 K. The AES

can be lifted off and turned around for spectrum (figure 2a) on the flat surface

periodic analysis of its wear scar. indicates a SiC composition with a carbon

The entire system (pin and disc) can be Auger lineshape characteristic of a carbide

first translated into a preparatory chamber and only a slight oxygen peak ; the relative

for vacuum evaporated layers (13. l). ion excess of carbon compared to silicon can be

etching, annealing or heating with a attributed to the existence of a carbon-rich

reactive gas. Before analysis and surface [6]. The preparation of the pin was

tribotesting, a specimen can be cleaned by carried out in the same way. the secondary

ion etching (10) or annealed at a given electron image shows black spots, the AES

temperature (12) and then back-transferred spectra indicates a boron and nitrogen

into the test chamber, analyzed by X-ray composition, but the AES spectrum obtained

Photoelectron Spectroscopy (XPS) (19). in the scanning mode shows that

tribo-tested and periodically analyzed in stoichlosetric silicon carbide is the main

the wear scar with the scanning Auger constituent of the surface. No attempt was

spectrometer (SAM). The chamber is equipped made to check the crystallography of the

with a fast entry lock (9) and a transfer surface, although it is known that argon

mechanism, so that specimens can be changed sputtering may disorder the structure of

without breaking UHV conditions in the main silicon carbide but on a very low thickness

test chamber. Both pin and plate can be scale. t5].

changed with this system. Another feature is Ii. RESULTS
the computerized data logging system, which

permits Che recording of the friction
coefficient under different tribological The evolution and magnitude of the

conditions, friction coefficients are p~esented in

The test consisted of alternately figure 2. The SEM micrographs of the pin

oscillating the hemispherical pin (R - mm) wear scars at the end of the tests are also

for 160 passes (length of the stroke - 3 shown in figure 2. The results mainly show :

ma). at an average sliding speed of 0.2 - that friction under UHV is high ( - 0.8).

mm/s, under a normal load of 2 N. These - that the presence of 50 Pa oxygen in the

conditions correspond to a maximum Hertzian chamber rapidly leads to a drastic

contact pressure of I GPa and a contact decrease of the friction coefficient to

flash temperature of 0.1 *C. Two friction values below 0.1.

tests are described and dicussed here in - that the wear volume on the SIC pin is

detail. The first experiment was carried out higher in oxygen than in vacuum.

under UIIV (10 nPa). AES analyses were - that the worn surface is smoother under

performed at the end of this test. inside oxygen partial pressure than in vacuum,

and outside of the wear scar. The second - that under UIIV, the SIC flat is severely

experiment was carried out with an oxygen damaged and fractured with possible

partial pressure of 50 Pa in the chamber, material being transferred from the pin.

with the same specimens (by slightly turning - that under 02, an additional 0.1 us thick

the pin and displacing the flat to present layer is present , in the wear scar of the

fresh surfaces). Thus the results can be flat, with a lot of "rolling pins" lying

compared. perpendicularly to the direction of

sliding.

3. MATERIALS AND SPECTIOWG PREPARATION From this set of data. it already

appears that the wear behavior under oxygen

The flat was a single crystal of a-SiC is tribochemically controlled.

(SOIlIO) grown by the Acheson process and the AES spectra obtained inside and outside

pin was sintered polycrystalline a-SIC of the wear scars at the end of the tests

(HEXOLOY SA) containing mainly boron carbide are presented in figure 3. It can be stated:

as a aintering aid. The aim of the - that under UNIV (figure 3b), the SiC

preparation was mainly to eliminate oxygen stoichiometry is roughly preserved but there

and free carbon Species from the surfaces, is a slight oxygen contamination on the

After polishing with diamond paste and worn surfaces. The disappearance of the

cleaning, the specimens were pla-sd in the argon AES peak indicates gross changes of

UHV chamber and both pin and flat were the SiC surface under sliding.

subjected to alternate argon ion etching and Unfortunately. the exact chemical form of

annealing to obtain the silicon-carbon carbon in the wear scar was difficult to

elemental composition before the friction determine using the carbon AES lineahape.

test. Annealing at temperatures above 900 K - ttat under 50 Pa oxygen (figure 3c. 3d).

is known to graphitize the very top of the in the wear scar of the flat, silicon is

surface (5]. Therefore the annealing preferentially bound to oxygen, but it is

Q-2.
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HIGH RESOLUTION ANALYSIS OF INTERFACE FILMS
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interesting to note that the carbon signal
has disappeared. Outside the track, the fragments, as produced by the friction
argon peak is always visible and only a process. At the same time, the very
slight oxidation takes place, in agreement unstable character of this silicon oxide
with data from the literature [6]. under the electron beam suggests that

The TEN examination of third bodies oxygen might be non stoichiometric in the
were carried out by Energy Filtered material.

Transmission Electron Microscopy (EFEM).
Wear fragments were collected at 5. DISCUSSION

the end of the test. after breaking vacuum.
Typical features are presented in figures 4. 5.1. Friction of SiC/SiC under UHV
5. It is shown :
- that under UHV, the wear debris are The high value of the friction
composed of collapsed and compacted coefficient (V - 0.8) is not a surprise and
spheroidal grains, with sizes lying in the is in agreement with previous data reported
10 nm-lOO nm range. From an electron in the literature [1]. Actually. UHV-cleaned
diffraction study, we found that these SiC surfaces produce high adhesion mainly
grains had no preferential orientation. Each because of the presence of dangling bonds at
grain is found to be composed of a silicon the very surface ; consequently and as is
carbide crystalline core surrounded by a well known, the presence of a tangential
complex shell and interface between force acting on a highly loaded contact area
grains. The fully amorphous character of is a cause of fracturing in a Hertzian

silicon carbide in this shell can be contact [9]. For example, in our case
demonstrated by electron diffraction and (P - 0.8). the corresponding maximum tensile
high resolution transmission electron strength has a calculated value of 800 MPa.
imaging of (100) lattice fringes (figure which largely exceeds the fracture
4
a) and, even more accurately, by the initiation threshold of the silicon carbide

damping of EXELFS modulations [7] flat (approximately 500 MPa). Moreover the
(Extented Electron Energy Loss Fine debris produced lead to the development of
Structures) in the carbon K edge spectrum, abrasive wear concomitant with heavy plastic
(figures 5b. 5c obtained with the electron deformation and transfer. so that a third
probe focused in the shell (STEM operating body quickly takes place in the contact. In
mode). The same EELS carbon K edge shows a the steady state regime, the corresponding
very weak .ontribution of the Is/" interface film shear strength has a value of

transition (anti-bonding a orbital) 700 MPa (deduced from the measurement of the
characteristic of the carbon 9P2 pin wear scar), thus continuing the
hybridization (double bonding) [8]. It undesirable action, viz tensile cracking, so
appears that some free carbon species are that the wear of the SiC flat is
mixed with disordered silicon carbide in unacceptably high in these conditions.
the encapsulating shell. This is well From the tribochemical point of view.
demonstrated by the energy filtered image the wear mechanism extends far beyond simple
obtained on the a/s transition at 6 eV fracturing of the substrate. The third
energy loss, showing the a orbital bodies formed are sheared, compacted at the
distribution around the crystalline SiC interface and reduced to very small, sub-
core. No oxygen peak was detected by the micronic grains. Because there is no
EELS technique (i.e.. the concentration is preferential low energy shear planes in the
less than I atomic percent), o-SiC crystal structure, friction-induced
- that under 50 Pa oxygen, bulk silicon attrition is accompanied by amorphization
oxide is formed as "rolling pins". Carbide and also, to a lesser extent, by some
is no longer detected, but pregraphitic transformation into substoichiometric
organization of carbon seems to take place silicon carbide and free carbon species. Our
inside and at the periphery of amorphous EXELFS data show that UHV friction-modified
silicon oxide wear debris. In fact, the fine silicon carbide is fully amorphous on the
structure of the Is level excitation of atomic scale ; at the same time. free carbon
carbon in EELS (figure 5d) shows the itself does not exhibit long range order. So
existence of a short range order in carbon the interface material may be mainly
planes ; the high resolution image of 002 described as an arrangment of distorted
lattice fringes of graphitic carbon (figure [SiC4] tetrahedra bound to each other in a
4b) confirms this fact as well. disordered structure. The existence of some
Surprisingly, carbon was never detected by oxycarbide chemical bonding between SiC and
AES analysis in the wear scar. This is carbon is not completely excluded, even
attributed to the fact that carbon is though the concentration of oxygen if very
preferentially located in the wear low.

1'
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It is believed that friction energy is silicon oxide "rolling pins" may influence
mainly dissipated in the deformation of this the friction process, the graphitic carbon.
high shear strength amorphous SiC structure, associated with these rolling pins
and that the absence of low energy structure, is thought to be mainly
crystallographic shear planes can explain responsible for the very low friction value.
the high value of the friction coefficient The presence of excess oxygen can further
and the detrimental effect on the enhance this trend either by physlsorption
crystalline substratum, on the carbon planes or by intercalation

between them. Actually. the lubrication of
5.2. Friction of SiC/SiC under oxygen graphite by oxygen has recently been

recognized (II].
It is worthy to note that, at the

beginning of SiC friction under 50 Pa 2, the 6. CONCLUSION
friction coefficient has a high value.
similar to the UHV conditions (i - 0.8). The tribochemistry of alpha silicon
Actually. the AES spectrum (figure 3c) carbide was investigated with a pin-on-flat
obtained outside the wear scar, at the end friction and wear tester installed in an UHV
or the test, confirms that molecular oxygen chamber equipped with surface analytical
practically does not react with the cleaned instrumentation. Special attention was paid
SiC surface, at room temperature. Therefore to the role of a high oxygen partial
it appears that physically adsorbed oxygen pressure on the generation of interface
does not reduce the adhesion of silicon products and their role on friction and
carbide ; moreover, in some cases, we wear.
noticed a slight friction increase due to The main results are
the presence of oxygen. Perhaps an - under high vacuum (10-8 Pa). o-SiC
explanation is that adsorbed oxygen leads to friction is dominated by high adhesion and
an excitation of outer shell electrons by fracture, compaction and attrition of
levels of the SiC surface (transition of spheroidal grains in the interface region.
bonding to anti-bonding orbitals), so that No preferential shear planes appear to
the reactivity of the surface is increased, form but amorphization of silicon carbide
Anyway. after a few cycles the friction takes place mainly at the edge of grains.
coefficient rapidly falls to a very low Consequently. friction is high (P - 0.8) and
value (ti ( 0.1). The calculated interface wear is predominant on the flat SiC surface.4 shear strength is as low as 3 MPa. The - under 50 Pa 02 partial pressure, silicon
accompanying high wear of the pin carbide quickly oxidizes at the interface
immediately indicates that corrosive only. producing silicon oxide as rolling
oxidative wear has occured. The analyses pins and some graphitization of residual
showed that carbon in the carbide form has carbon from the carbide. Pre-graphitic
disappeared and that the interface material components, having low energy shear planes
consisted of a complex mixture of unstable in the presence of oxygen, are thought to
silicon oxide species and pseudo graphitic be mainly responsible for the low shear
carbon (sP2 hybridization). As a result, the strength of the interface film. Consequently
triboxidation of the SiC pin produce a friction is low (p ( 0.1) and corrosive wear
lubricating film. the friction force and Is predominant on the SiC pin surface.
therefore fracturing of the SiC flat are
reduced by virtue of the low shear strength ACKNOWLEDGMENTS
of this film. The origin of the lubricating
properties of the interface film is more This work was performed under a
questionnable. subcontract from Hughes Aircraft Company.
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Fig.1 Diagram of the UHV analytical tribomeer.

a -

Nb

Fig.? Evolution or the friction coefficient against the number of cycles
and SEN atcrogragg 8 of the pin weir scars.
a) Under UHY (lo- Pa).
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Fg.-3 AES spectra obtained on the SiC flat

surface.
' a) Before the friction tests.

b) Inside the wear scar. (URV).
c) Outside the wear scar (50 Pa 02).
d) Inside the wear scar (50 Pa 02).

C KLL 4)

$I LUM

0 raLL20 NO.
a meo mo
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Fig.4 HRTEK micrographs of aSiC wear fragments.
a) (100) lattice fringes image of the interface zone between crystalline
and amorphous SiC grain (IHV teat).
b) Amorphous silicon oxide surrounded by pseudo-graphitic carbon (50 Pa 02
test).

Is/Mc.

Fig.5 EELS carbon K edge at 284 eV loss
ror different chemical states

EXELFS a) Graphite.
"'I ". - b) a silicon carbide (note the well defined

, .. EXILS modulationsi.
- ,b c) Friction-modified SIC under vacuum (note

the damped modulations).
"i . d) Friction-modified SiC under 50 Pa oxygen.

the la/n C-C indicates the presence of free

'-C carbon species.



APPENDIX R

J.-M. Martin, and Th. Le Mogne, selected Monthly Reports on a-SiC,
ranging from Feb. 1988 to June 1988, Ecole Centrale de Lyon/SORETRIB,
Lyon, France, Hughes P.O. S9507874-SRW
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±cuiy. February 16 th 1988 El Segundo
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Dear Mike,

We have been very pleased to read your Jan. 22 letter. We had some

understanding difficulties between our respective administrative

departments but now every problem has been solved.

We are very interested in the information you give about the samples

we received in October. When we started the work, we had not all these

details, so we decided to begin by the ESCA characterization of the

samples.

You must have already received our results about Boron Nitride, which

includes a high quantity of Carbon in a chemical state near from graphite.

Before receiving your last letter, we continued the work with the

analysis of the other samples : they are single crystal aSiC, SiC (ESK),

Si3N4 Norton (NC 132), Si3N4 LSRH Ceralloy.

You will find below the results of these latest analysis.

Single crystal aSiC

We had two single crystal samples : ESK and Sohio. Both of them

present an important layout of SiO2 on the surface. We try to eliminate

this layout by ionic etching. On ESK sample, we cannot remove the layout

(Figure 1). On Sohio sample, we make an etching up to 1000 A to make SiO2

disappear (Figure 2).

RoI



After that, we have

- Carbon binding energy : 282.9 eV

- Silicon binding energy : 99.8 eV

- Concentration ratio C/Si : 1.04

SiC ESK

On this sample, we detect Silicon, Carbon, and also Oxygen and

Nitrogen, as well as Calcium and Sodium traces. After ionic etching up to

about 500 A (Figure 3), we detect the same elements

Binding energy % at. Nature

Cls 283.1 32.3 Carbide
284.6 19.6 Graphite

Ols 532.3 12.7

534.5 1.6

Nls 397.9 2.6 Nitride

Si 2p 100 26.3 Carbide
101.8 5 Nitride

We do not performed precise measure on Calcium and Sodium traces,

which may give the explanation of the important quantity of Oxygen (Oxygen

presence can not be linked to any other element).

An observation on secondary electrons shows several zones with

different aspects which sizes are about some micrometers. Auger analysis

inside these zones shows that they are composed of carbon for the

essential.

S13Ni Norton (NC 132)

We detect on this sample Carbon, Nitrogen, Oxygen, Silicon. Sodium and

Calcium traces are present on the surface. They will stay after ionic

etching up to about 500 A (Figure 4). For these analysis, we use Kal. 2

X-Ray of Magnesium as excitation source. In these conditions, the most

intense peak for Magnesium comes from Mg 2s and is near the Si 2 p peak.

S~R&-2.



parasite due to Ka3.4 X-Ray of Magnesium. For these sample, the use of the

KaI, 2 X-Ray of Aliminiuw would be more adapted.

After ionic etching, the following results are obtained for the most

intense photoelectron peaks

Binding energy % at. Nature

Cls 284.6 13 Graphite

Ols 532.8 13

Nls 398.1 34.5 Nitride

Si 2p 102.0 37.5 Nitride

* after correction of charge effect

Si3N4 LSRH Ceralloy

Un this sample, we observe the non polished face. After ionic etching

up to about 500 A (Figure 5), we obtain the following results for the most
meaningful elements :

Binding energy* % at. Nature

Cls 284.6 47.8 Graphite
286.6 5.4 C-O

Ols 532.9 11.7

Nls 398.5 17.2 Nitride

Si 2p 102.1 17.4 Nitride

after correction of charge effect

We notice a high quantity of carbon in a chemical state near from

graphite. The quantity of oxygen is still very important. We also detect

the presence of Yttrium but the accuracy in the measure does not allow us

to know its quantity and its chemical state.

___ -__ __



All these experiments and measures permit us a deeper knowledge of
most of the samples we received from you. We will continue the work by the

tribotests in vacuum.

Best regards.

Th. LE MOGNE

H. MONTES

J.M. MARTIN

R-4
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Dear Mike

Below is our progress report for February 1988.

Introduction

The first friction experiment coupled with analytical data has been

carried out on a SiC/SiC combination, with our UHV tribotester, but in

ambiant air in order to check our methodology.

Tribological conditions

The specimen used were

- pin : SiC - HEXOLOY SA

- plate : a SiC - SOHIO

Specimen were previously polished with diamond paste in order to

remove thick oxide layers. The AES spectrum of figure 1 corresponds to the

SiC plate after 10 minutes etching. The oxide thickness was therefore

estimated to 5 nm before sliding.

The friction conditions were

- normal load : 2 N

- sliding speed : 0,21.10-3 m/s

- length of the stroke : 2,40.10-3 m

- number of passages : 160

- temperature : 20'C



Friction results

First of all, there was no major problem a3sociated with the use of

our tribotester for the supplied specimen.

The evolution of the friction coefficient against the number of

passages is presented in figure 2, and shows an average value of 0,3 all

the test long. The optical micrograph of the wear scar on the plate is also

shown in figure 2 : no severe damage is observed, no fracture has appeared

in the a SiC cristal, but a glassy and transparent surface film is present

in some areas, partially covering the original polishing grooves. Indoubtly

the wear regime was tribochemicaly controlled in these conditions.

Analytical data

It was decided that the glassy surface film that was formed was of

major interest to explain the situation, and some fragments of it were

extracted from the worn surface by a scratching technique, under an optical

microscope. The fragments were deposited on a holey carbon layer and

examined in the analytical STEM with the EELS technique.

An electron image of the wear fragment film is shown in figure 3 with

the corresponding electron diffraction pattern, the EELS analysis is shown

in figure 4.

Clearly amorphous silicon oxide is formed, no SiC cristallites were

observed. Therefore the wear mechanism is governed by the action of oxygen

from air and the good shearing properties of triboreacted amorphous SiO2

(or hydrated Si0 2 ).

Next investigations will include

- friction under UHV,

- friction under nitrogen,

- friction under oxygen partial pressure.

T. LE MOGNE

H. MONTES
J.M. MARTIN
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Figure 1 AES spectrum of' The a SiC plate, before sliding and af ter 10
minutes etching with argon ions. The shape of the carbon Auger

peak indicates a carbide from.
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Figure 2
top evolution of the friction coefficient versus the number

of passages of the pin on the plate (SiC/SiC in air).
bottom optical micrograph of the extremity of the wear scar.

Note the glassy surface film covering the polishing
scratches.
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Figure 3 TEM micrograph of a fragment of the glassy surface
film as shown in the optical micrograph of a figure
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Figure 4 SiL edges from EELS spectra of
a) SiC/SiC in air (wear'fragment)
b) a SiC monocristal (SOHIO)
The extra peak near 110 eV is characteristic of the
Si-O bond.
c) O.K from EELS spectrum of SiC/SiC wear fragment.

characteristic of S102
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Dear Mike,

FRICTION OF SiC/SiC SYSTEM UNDER UHV

Preparation of specimens

- aSiC(XTL SOHIO) plane

After polishing, specimens are introduced in the UHV chamber, and

submitted to alternative ionic etching and annealing in order to recover a

clean SiC surface before friction. The composition is checked by XPS (see

spectra figure 1). The composition of the a SiC XTL surface is in this case

(atomic %).

Si-C = 35 %

S-0 = 2%

C-Si = 28%

C-C = 29%

C-0 3%

0 = 3%

The oxygen has not completely disappeared and the carbon is partly

graphitic. This is due to the annealing at temperature superior to 900 K,

as already noticed in the literature [1,2]. Therefore, before sliding,

other ionic etching and annealing at a lower temperature are done and the

AES spectra show that the carbon peak has decreased (see figure 2).

mmm. m im~mmlmmmmm m m -R.--14m



- Hexoloy SiC pin

The preparation of the pin is the same. The secondary electron image

of the pin surface (see figure 3) shows black spots. The AES spectrum of

these small areas shows the presence of nitrogen and boron, ingredients of

the fabrication of the SiC specimen [3]. A spectrum of the whole area shows

the presence of silicon carbide as the main constituent.

- Friction test

The tribological conditions are the same as for the friction test in

the air (see report of february).

The evolution of the friction coefficient against the number of cycles

(see figure 4) indicates a co'ctant average value up to 0.8. The vacuum in

the chamber is 2.10-9 mbar.

- Surface examination after UHV friction

jj The aSiC surface is severely scratched (see figure 5) and a lot of

wear debris are produced. The AES spectrum (see figure 6) in the wear scar

shows a Si enriched composition compared to the original one. A slight

oxygen contamination is noticed on the worn surface.

An AES spectrum of the scar on the pin shows also the presence of

oxygen. It is difficult to precise the chemical form of carbon

Unfortunately, XPS analysis in the wear scar are not possible, the X-ray

source having a probe size of 8 mm diameter.

High resolution analysis of wear fragments

Wear debris are peaces of interphase material and their analysis give

information on tribochemistry and related phenomena.

Classically, wear fragments are deposited on a holey carbon film, and

investigated in the analytical transmission electron microscope (TEM) with

Electron Energy Loss Spectroscopy (EELS).

First of all, the TEM bright field and dark field images in the low

magnification mode show that wear debris are constituted of spheroidal

cristallites which diameters are found on the ten nanometers range (se

figure 7). The corresponding electron diffraction is indexed as silicon

R-17



carbide but the rings are rather diffuse and this indicates some disorder

in the material.

The EELS spectrum in the microprobe mode confirms the presence of SiC,

practically no oxygen is visible, but the shoulder on the K-edge indicates

that some carbon species are present (see figure 8).

At high magnification, (see figure 9) there is some evidence of a

glassy interphase material between and around the SiC cristallites which

seems interesting for analyse. Figure (8) shows the carbon K edges near 284

eV energy loss for aSiC (as a single crystal) and amorphous carbon (as

evaporated film). The strong differences between the two spectra are

attributed to

(i) The difference in hybridization between the carbon atoms in the

near edge structure (ELNES).

L- C

Tetragonal hybrid Trigonal hybrid

(ii) The difference in the local order in the extended electron energy

loss fine structure (EXELFS). Strong interferences appear as sinusoidal

modulations in the aSiC crystal.

By comparison with these standards, the shoulder in the carbon Kedge

of wear debris is attributed to a is/,r transition characteristic of the

Sp2 hybridization of carbon.

EELS analysis in the nanoprobe mode (probe size 4 nm) are performed in

and between the two cristallites of figure (9), giving definitely evidence

for a pre-graphitic organization between SiC cristallites. Another

interesting feature in the carbon K-edge in the wear debris is the decrease

of the EXELFS modulations suggesting a dissymmetry of the carbon site, (the

reduction of EXELFS data is under investigation).



Discussion

As indicated in the litterature, SiC graphitizes at a temperature

above 900K by the collapse of two Si-intercalated carbon layers [2].

Friction occurs at ambient temperature and calculated contact

surtemperature is negligible. Therefore the result is very surprising and

needs an explanation. It is suggested that C-Si bonds are broken by

molecular shearing between two carbon layers and that Si atoms are either

intercalated or migrate to the surface (see the AES spectrum with the Si

enriched composition).

There is no evidence of anisotropy or preferential shearing planes in

the interphase material, and the friction coefficient is elevated. Wear

occurs first by fractures in the SiC plane and so develops an abrasive

regime. As a conclusion, SiC is not a good candidate for UHV tribotesting

at ambient temperature.
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Figure 7 Bright field and dark field TEM micrographs of wear
debris of the SiC/SiC system.
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FRICTION OF SiC/SIC - OXYGEN EFFECT

Introduction

Previous work has shown some interesting and surprising features of

the SiC/SiC combination when friction occurs under special environmental

conditions, at ambient temperature, i.e.

- A high value of the friction coefficient under UHV (f - 0.8).

associated with an amorphization process of silicon carbide in free carbon

species (see March 88 report).
- A relatively low value of the fricticn coefficient in air

(f - 0.25) with triboreacted silicon oxide formation (see february 88

report).

In order to have a better understanding of the tribochemical

reactions occurring with the SiC/SiC system, we investigated the effect of

oxygen partial pressure on friction and wear.

[ Preparation of specimen and tribological conditions

The preparation of specimen has already been described in previous

reports, and the friction tests have been performed out in the same

conditions (except the nature of the environmental gas).

Friction tests - Results

Three experiments have been carried out

Test I : Friction is started under UHV conditions and, after a few

passages, a partial oxygen pressure of 0.5 i0-3 Pa is admitted in the

chamber.

Test 2 : The friction test is started with 0.5 i0" 3 Pa of oxygen (as in

test 1 ) and, after a few passages of the pin, the pressure is allowed to

increase to 0.5 10-2 Pa.

Test 3 : First a partial pressure of 02 (50 Pa) is introduced in the

chamber, and the friction is then started.

Z



The evolutions of the corresponding friction coefficients are

represented in figure 1.

Main results show

1 - that a small 02 pressure (0.5 i0-3 Pa) induces a slight increase

of the UHV friction coefficient (from 0.8 to 0.9).

2 - That a pressure of 50 Pa induces a drastic decrease of the

friction coefficient to a very low value (0.8 to 0.07).

3 - That these friction values are different from the one obtained in

air (f = 0.25 with 02 pressure of - 15,000 Pa).

To conclude, SiC/SiC behavior is very sensitive to oxygen partial

pressure, and this was unexpected.

Surfaces observations and analysis

- AES analysis

LSome AES spectra are presented (see figure 2 by 7). the ratio O/Si is

different, depending ont the wear scar analysis (pin or plate) and on the

02 pressure. As main results, it can be concluded

1 - That under low pressure (0.5 10-3 Pa) oxygen is partially reacted

with the SiC worn surfaces (pin and plate).

2 - That under high pressure (50 Pa) oxygen is preferentially bound

to silicon. No carbon is detected in the AES spectrum of aSiC worn face.

3 - That oxygen has reacted with the non rubbed surface (out of the

wear scars), but to a less extend that in the wear scars. This latter

result is in good agreement with literature data on SiC oxidation in the

low temperature range.

Secondary electron images

As shown in figure (8), the very low value of the friction

coefficient is associated with the presence of many rolling pins lying

normally to the wear stroke.

A _



Wear fragments analysis

The case of the high 02 pressure has been particularly highlighted

because of the occurrence of the very low friction value. Figure (9) shows

a TEM micrograph of a rolling pin, and the EELS analysis which is

corresponding. The interpretation of the EELS spectra indicates

- The presence of Si-O bonding.

- The disappearance of the carbon as carbide.

- The presence of carbon in a graphitic organization as indicated by
*

the strong peak at 284 eV energy loss (is -- r C-C) and the well defined

peak at 290 eV (1s--.c o* C-C). It is to be noticed that the organization of

carbon is not far from graphitized carbon black. This is well supported by

high resolution TEM image showing the lattice of carbon planes (figure 10)

but it is not well understood why carbon was not detected by Auger Electron

Spectroscopy.

Discussions

02 pressure 15,000 50 0.5 10-3 UHV
(Pa)

f 0,25 0,07 0,8 - 0,9 0.8

Wear fragments thin rolling pins grains grains
morphology foils

Tribochemistry Si0 2  SiO2 + amorphization amorphization
graphitization of SiC of SiC

In the table, the different results are summarized. From the

tribochemist eye view. three basic phenomena are shown

- Amorphization process of SiC*-- high friction

- Graphitization of SiCe,->low friction

- Oxidation of SiC&-- medium friction

Next results will concern wear measurements.
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Figure 8 :Se',=dary electron image inside track on the plane obtained

with 50 Pa 0 2
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Figure (10) High resolution TEM imaging of a wear fragment (SiC/SiC
50 Pa 0 2) showing a pre-graphitic organization around a
SiO 2 grain (see arrow).
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Previous reports were concerned with friction of SiC/SiC combinations.

The present report emphasizes wear measurements, including :

- degradation of worn surfaces by profilometry (presence of fractures)

- wear scar metrology in the SEM (wear scar diameter on the pin),

- morphology of wear fragments by SEM.

Two cases are considered

- SiC/SiC under UHV (f = 0.08),

- SiC/SiC under 50 Pa 02 (f = 0,07).

Profilometry

Figures (1) and (2) give the profilometric recording of wear scars

respectively under vacuum and under 02 partial pressure. It can be

stated
L..

- that the wear volume on the pin is higher with 50 Pa C2 than in

[vaccum (figure 2),
that the worn surface on the pin is smoother under 02 than under

vaccum,

- that the flat is severely damaged under vaccum (fractures and

possible transfers),

- that the flat is not worn under 02, moreover A 0.1 Vim thick layer is

present.

SEM study of worn surfaces - SIMS profiling

Figure (3) shows SEM pictures of wear scars on the pin for different

02 partial pressure. This confirms wear results obtained by profilometry.

Special attention has been paid to the case of the SiC flat with 50 Pa

02 where a layer is present (see SEM pictures figures 4, 5).

SIMS profiling has been carried out in order to study the nature of this

layer and the thickness of it (figure 6). As expected, the layer is oxygen

rich (see evolution of 0- ions) probably silicon oxyde, and the thickness

of the layer can be established by a calibration technique using

profilometry in the crater. From this calculation, the silicon oxide layer

ILN



is estimated to 98 nm ; now if we compare this value to the thickness of

the layer measured by profilometry (see figure 2) which is approximately

100 nm, we conclude that the a SiC flat has not been damaged, and that

corrosive wear mainly occurs on the sintered pin.

Conclusion

We have compared wear of SiC/SiC system under vaccum and under 50 Pa

02 partial pressure. Results are :

- under vaccum : due to high adhesion and friction (f = 0.8).

fractures occurs both on the pin and on the flat,

- under 50 Pa 02 : due to low value of friction (f - 0.08) no

fractures are present, but corrosive wear brings on oxidation of the

sintered pin leading to a protective silicon oxide layer on the flat

(note that low friction is associated with the formation of graphite

due to SiC oxidation, see previous report).

[



WEAR ON PIN

VACUUM

50OPa Oxygen RW

Figlire 2Cross surfaces profiles of wear tracks on pin.



WEAR ON FLAT

02,

VACUUM

50 Pa Oxygen R4
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APPENDIX S

J.-M. Martin, "AES/XPS Analysis of Silicon Carbide rFriboflats," Progress
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AES/XPS ANALYSIS OF SILICON-CARBIDE TRIBOFLATS

XPS analysis (see figures)

The whole surface of the flat was analyzed by XPS after ion etching

to remove the contamination from environmental.

The carbon ls photopeak displays two contributions, one for carbide

and the other for oxycarbide.

The silicon 2p also shows evidence for the presence of silicon

oxycarbide (not silicon oxide).

After ion etching with 3 KeV argon ions for 2 mn. in the saTie

conditions, the oxycarbide contribution decreased, in good agreement with

the presence of this compound.

The thickness of the oxycarbide layer is estimated between 1 and

3 nim.

Neve-thlcss. the SiC stoichiometry is not obtained after etching.

This may be attributed to the effect of ionic bombardment.

AES analysis

AES spectra were obtained from outside and inside the friction wear

scars.

Generally, the dark areas (for example HSIC 18 inside track 4)

displayed a lower oxygen AES peak than the Ligitareas (HSiC 19).

Unfortunately, it was not possible to see differences in the carbon

AES peak.
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AVO

To: M. N. Gardos

From: B. Wong

Date: July 25, 1986

Subject: Assessment of Sharp and Spherical Indentation Techniques

cc: J. L. Cook

INTRODUCTION

Triboceramics like most of the high-strength materials may suffer
considerable surface damage from even minute contact events. The cumulative
effect of a large number of hard particle contacts that cause significant
erosion and wear of their "brittle" surfaces usually results in a degradation
of strength and reduction in their service lifetimes. Regardless of the
complexity In "real" contact situations, relating to particle geometry, loading
conditions, state of surfaces etc., this report reviews the mechanics
fundamentals of Vickers(sharp) and Hertzian(spherical) contacts under static
conditions and also presents their possible applications in evaluating
materials properties relevant to tribological practice. The investigation of
contact-induced fracture strength degradation under static and sliding
conditions is deferred to a future study. Although real contact nature may lie
anywhere between the extremes of ideally elastic and ideally plastic, the
ideallsed spherical and sharp indentation fracture schemes set the boundaries
to real contact behavior. The Hertzian(spherical) indentation is characterized
by a perfectly elastic contact such that crack initiation is controlled by pre-
existing surface flaws(cracks) whereas Vickers(sharp) indentation is
characterized by elastic-plastic contact such that the subsurface flaws(cracks)
are produced by the contact process itself. In general, the threshold load for
crack initiation with a Vickers indenter is some orders of magnitude lower than
that with a Hertzian indenter. However, once their indentation cracks have
become well-developed, they all take the penny-like fracture geometry about a
point-contact center.



VICKERS INDENTATION

The fracture-mechanics analysis! of Vickers indentation is based on the
propagation of the mJtually perpendicular penny-like median/radial cracks that
form beneath the axisymmetric Vickers indenter as shown in Figure 1. P is the
peak load and a and c are the characteristic dimensions of the plastically
deformed impression and the median/radial crack, respectively. For an
isotropic and homogeneous material, the elastic-plastic field created by the
sharp indenter contributes two superposable components to the net driving "orce
on the crack system, an elastic and a residual component. At the indentation
surface, the elastic component is compressive whereas the residual component is
tensile. The radial cracks, therefore, grow to their final dimensions as the
Indenter is unloaded; i.e., after the restraining compressive elastic field Is
removed. Accordingly, the residual field Is the primary driving force for
expanding the crack system into its final penny-like configuration. For a well-
developed crack, c , 2a, the penny-like crack may be considered to be center-
point-loaded at the plastically deformed zone, the residual stress intensity
factor may then be written

K, = X, (P/cWZ ) (1)

where X, Is a dimensionless Indenter-material constant. It depends on the
ratio of Young's modulus to hardness, E/H, to the one-half power,

^6
X 0.013 (E/H) (2)

Hardness H can be calculated from the deformed impression dimension a of the
Vickers indentation whereas Young's modulus E may be evaluated by mea uring
elastic recovery of the in-surface dimensions of a Knoop indentatlon .

When the crack system is subject to mechanical equilibrium conditions both
during and after the contact event, the radial cracks remain stable at c a c,
as long as the residual stress intensity factor Kr Is equal to the material
facture toughness, KI.

KC,¢ =X, (P/c= ) 0.013 (E/H) /)

where c. is the equilibrium crack dimension after indentation. Equation (3) is
the equation for evaluating isotropic material fracture tonghness from the
measurement of equilibrium crack dimension ce after contact under the peak load
P; its application to evaluate various brittle materials including
polycrystalline ceramics, glasses and single crystal semiconductors have been
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well documenteds'lf  Furthermore, an extension of the existing Vickers
indentation mechanics, that allows internal stress anisotropy determinations
and delayed failure predictions to be made upon a ceramic containing
microelectronic system, has recently been developed4  The application of this
new develo pent to multilayer ceramic capacitors has been evaluated and
verifieds,0

9

HERTZIAN INDENTATION

Elastic Stress Field Distribution

When a spherical indenter of radius R is pressed into the flat surface of
a sample, a complex and inhomogenious elastic stress field is set up In the
sample under and around the indenter (Figure 2). The load P is distributed
over a circular region of radius a, the radius of contact, such that

" E - (4 )3E

where E. is the Young's modulus of the sample, R is the indenter radius and

q?[ F z I)E- (5)

where and are the Poisson's ratios of the sample and indenter,
respectively and E; Is the Young's modulus of the indenter. During contact,
the average contact pressure Is P/(ff 0) . Directly below the indenter, the
stresses are compressive while on the periphery and outside the contact circle
in the sample surface plane, a radially-directed tensile stress 6 r which
gradually diminishes away from the contact circle periphery Is generated:

6r(1) ,r (6)

where r is the radial distance from the center of the contact circle.
Therefore the maximum tensile stress occurs on the contact circle periphery.

T-mmnI•m m i••imi



Below the sample surface outside the contact circle, the value of this tensile
stress decreases rapidly with depth (-); i.e. a highly tensile "skin" in the
sample surface outside the contact circle is created.

Fracture (Figure 3)

During contact between an elastic spherical indenter and an elastic-
brittle flat sample, the indenter subjects pre-existing surface flaws to
Increasing tensile stress outside the expanding contact circle. Under a
critical load P , initiation of a surface ring crack takes place at the most
deleterious surfce flaw located outside the contact circle where the stress
intensity factor KX is the greatest; i.e. a critical Griffith configuration is
established. Further loading results in continuous enlargement of the contact
circle and rapid downward crack growth for the complete development of cone
crack; outward deviation of the crack growth direction is to avoid the
compressive zone directly underneath the contact circle. On still further
loading, the contact circle eventually engulfs the surface ring crack and
therefore closes the fracture surface. Applying the contact rpsistance
technique initially developed by Grzybowski and Ruoff5 " the Hertzian cone
cracking vs. load can be monitored and the critical load for crack initiation
PC may be determined (Figure 3).

Due to the extreme inhomogeneity of the Hertzian elastic field, by far
there is no existing exact analytical solution to correlate the critical
load, P&, initial surface flaw size and fracture toughness. One can only apply
expressions for limiting cases of small and large flaws 1z as shown in Figure 4:

1) Small flaw approach
When the initial flaw size is small compared with elastic field

dimension a ( 4 /a 44 $.01 ), the inhomogeniety of the field along the crack
trajectory is therefore negligibly small; i.e. the flaw is in a uniform field
of tension. Crack initiates when Griffith conditions are fulfilled.

,K.) ) =

where o. is a constant of saqple-Indenter materials system, If'zC is the
fracture toughness, R and 4t havq their usual meanings,

is called Griffith's constant/n this report. The dependence of the critical
load on initial flaw tize and indenter radius should be specially noted in
Equation (7). For Q/4t /4 , this equation provides a pretty exact expression
for fracture toughness or initial surface flaw size determination.
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2) Large flaw approximation
When flaw size is sufficiently large such that the diminishing tensile

stress gradient along the flaws becomes significant, i.e. , , the
Griffith's configuration of uniform field does not hold. Various fracture-
mechanics calculations yield the same general solution as follows

Is :

PC =xC P, *AR (8)

where A is a constant of the sample-indenter materials system, this constant
is sensitive to the reliability of individual fracture-mechanics model and

knowledge of Poisson's ratio of the sample; also it can only Pe estimated to
within an order of magnitude by numerical analysis, A o r! is the
Auerbach's constant. Equation (8) w ich suggests the linear dependence of P.
on R and the independence of PC on 4 , was first empirically discovered by

Auerbach and has been confirmed in a number of experimental studies IS"4 1 6

This equation or sometimes called Auerbach's law breaks down in the limit of
small surface flaws or large indenters. Although Auerbach's law has potential
importance in that Auerbach's constant A contains the fracture toughness
(fracture surface energy), the inability of predetermining the constant in
A to much better than an order of magnitude seems to be the drawback in
applying the law alone to evaluate fracture parameters of materials.

SUMMARY

This report has reviewed some fundamentals of both sharp(Vickers) and
spherical(Hertzian) indentation mechanics and their potential applications for
fracture parameter determinations. From the mechanical testing point of view,
sharp indentation is a better developed method and has been more widely applied
as a test for mechanical assessment of high-strength materials 3' q ; while
spherical indentation, due to its involvement of a complex stress field, is
therefore still debatable to be used for precise materials characterization
without pre-calibration.

For interim experimental investigation on tribomaterials, I suggest:
1) apply sharp (Vickers and Knoop) indentation techniques to evaluate elastic,
plastic, and fracture parameters as well as to determine possible internal
stress anisotropies, crack velocities and delayed failure behavior;
2) in conjunction with the elastic and fracure properties measured in I),
within the Griffith's range, apply Hertzian fracture test to determine surface
flaw statistics;
3) calibrate the Hertzian test with Vickers indentation results and extend it
for high-temperature applications within its Auerbach's range.
On the other hand, for long-term indentation technique development for
tribological studies, a "reliable and realistic" fracture-mechanics model for
Hertzian cone cracking is called for; microstructural and mechanical nature of
contact-induced strength degradation under static and sliding conditions should
also be carefully investigated.

T-5
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FIGURE CAPTIONS

Figure 1. Schematic of a Vickers-produced Indentation-fracture system under a
peak load P showing penny-like median/radial cracks and hardness impression;
lateral cracks parallel to the surface Included for reference.
(a) a section normal to the indented surface.
(b) the indented surface.

Figure 2. Elastic stress distributions during contact between a spherical
indenter and a flat specimen.

Figure 3. Evolution of Hertzian crack pattern during loading monitored by
contact resistance measurement.

Figure 4. Critical load for Hertzian cone fracture P as a function of
indenter radiusfl.
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I. INTRODUCTION AND SUMMARY

The purpose of this IOC is to report the relevance of some important fracture

parameters to tribocontact lifetime predictions under high-speed contact motion

conditions. We were asked by the Darpa/Hughes Tribology Program to evalute the

applications of Hertzian (spherical) and Vickers (sharp) indentation techniques

for the determinations of some of these parameters for triboceramics having

various contact surface conditions.

The importance of both fracture toughness KIC and hardness H upon fracture domi-

ated wear rate of a tribocontact has been recognized (1-3). It is believed that

an optimum combination of these two fundamental tribological parameters usually

gives materials of superior wear resistance. Hardness studies as a means of

• assessing general mechanical properties have been a predominant theme since last

century; the techniques involved in hardness measurements have been established

and well-documented (4). In contrast, fracture toughess studies did not evolve

until early 1960's; the techniques evaluating fracture toughness of engineering

materials/components, having a complex stress-strain behavior and geometry, are

still needed to be developed. In addition to the thermomechanical stress (IT + (0 A,

the subcritical crack growth characteristics, the fracture toughness, the initial

T-g2.
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surface flaw size, and the surface residual stress are all important and necessary

to an accurate time-to-failure prediction for a contact under high-speed motions.

Indentation techniques in conjunction with pertinent fracture-mechanics methods

are justified and applicable for the measurement of these important parameters.

11. PARAMETERS RELEVANT TO HIGH-SPEED TRIBOCONTACT FAILURE

Under high-speed motion conditions, the most probable failure mechanism of a

triboceramic contact is believed to be thermal fatigue. This is a fatigue resulting

from subcritical crack growth at stress levels below those required for rapid

fracture induced by repeated thermal shock. The crack growth rate or crack growth

per cycle during thermal fatigue could be expressed by

d Z=d: Ay n I CF.) exp (-E]

-N dt 1 RT

where

d /dN is the crack growth per cycle

dt/dt is the crack growth rate

is the crack size

Zajis the algebraic sum of the stresses; i.e., the sum of thermal 0T, applied

OTA and residual "R stresses

T is the temperature at maxium Z0.
J

Y is a geometrical factor, A, n and Q are all empirical terms obtained from

subcritical crack growth studies (5). The prediction of time-to-failure (cycles-

to-failure) for a triboceramic may then be made by solving the differential

equation, i.e., Equation [I] using the following initial and boundary conditions:

I.C.: > Ith t -o

B.C.: K - cZ )IC 2 t -t
Y T-

T-oa(|
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where Zi, tth and Zf are initial, threshold and failure crack sizes, respectively.

KIC is the fracture toughness at temperature T. Therefore,

N c t f~ ii y~ - x (, )2\* .. ;f -n rf(2-n)/2j [2]

Nf or tf of a tribocontact under high-speed motion conditions can be calculated

only if KIC, Zi and I(Tj are pre-determined as well as subcritical crack growth in
j=1

the ceramic material is well characterized. Only mode I fracture, KIC, is

considered here for the thermal fatigue (Equation [1]) because crack propagation

in ceramics has almost exclusively been confined to the opening mode (6).

Ill. INDENTATION FOR TRIBOCONTACT CHARACTERIZATION

The reasons for the choice of indentation approach for fracture parameter

evaluations for triboceramic contacts against other techniques (double-cantilever

beam, four-point bending, etc.) are threefold. First, the sample preparation and

data collection procedures needed with this approach are simple. Second, actual

materials/components, even irregular in shape and small in size, can be used as

samples. Third, because of their high spatial resolution of about 100 micro-

meters, applications of these techniques yield comprehensive and precise point-

by-point, mechanical characterization within the microstructurally complex tri-

bomaterials/components, while using minimal amount of sample material, and

causing minimal damage to irreplaceable samples.

Our indentation studies in silicon nitride triboceramics are proposed to be

performed at room-temperature; the data and results obtained, however, will well

apply to predictions of mechanical failures of contacts at elevated temperatures

due to the little temperature dependence of the pertinent physical properties of

T-w
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silicon nitride below 1000°C (7). Some applications of indentation techniques

for various triboceramic measurements are summarized in Table 1. Details of the

analyses and justifications for the techniques are attached in this report as

dppendices. rigures ! and 2 tre plots shewing different defcrmaticn modes for

various materials during Hertzian and Vickers indentations, respectively. These

plots are generated based on rigid-elastic, elastic-plastic and rigid-plastic

theories (Appendix A). Hertzian analysis (Appendix B), orginated from the theory

of elasticity, applicable for initial surface flaw (crack) size determination

(small-flaw approximation), fails to apply to "soft" materials either in a bulk

or layer form having (E2/3/Y) , 0.015 (Figure 1). On the other hand, Vickers

indentation, whose analysis (8) is based on elastic-plastic deformation concept

and far-field approximation, remains valid for KIC measurements for most materials

(Figure 2), including ceramics having a thin, rigid-plastic surface layer (Appendix

C). In addition, fracture-mechanics analysis (Appendix 0) has also successfully

extended the application of Vickers indentation for the measurement of surface

residual stress OT R caused by a strain mismatch between a hard surface layer and

the ceramic as shown in Figure 3.

IV. FUTURE WORK

Since predictions of lifetimes for tribocontacts under high-speed motions require

accurate knowledge of those fracture parameters mentioned earlier in this report,

I therefore propose that the future work in the Tribology Program must include:

1. subcritical cracking characterization of the contacts at elevated temperatures;

2. Hertzian and Vickers indentations on the contacts for the evaluations of KIC,

t, and OR;
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3. thermomechanical stress analyses under anticipated high-speed contacting

motion conditions (9) for UT + A determinations within elastic, elastic-

plastic and rigid-plastic regimes.

Let me once again emphasize that these three listed research items are all necessary

for a fundamental understanding of the high-speed tribocontact performance.
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Figure 1. Different deformation modes for various materials at the proposed

maximum experimental load during Hertzian indentation.
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Figure 2. Different deformation modes for various materials during Vickers

indentation.
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Figure 3. A Vickers indentation fracture-mechanics solution to the "hard"

surface layer problem.
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ApFendix A

Deformation Mode for Various Materials During Vickers and Hertzian Indentations

According to rigid-plastic theory, the hardness-to-yield ratio (H/Y) is a constant

and approximately equal to 3 regardless of indenter geometry; whereas the theory

of elasticity predicts that (H/Y) is a constant only if the indenter geometry is

fixed, e.g., (H/Y) = 1.1 for spherical indenter, (H/Y) = 1.5 for cylindrical

indenter etc. For deformation within the elastic-plastic regime, (H/Y), depending

on elastic and plastic strain contributions, varies between the values predicted

by the theories of elasticity and plasticity. Based on Johnson's analysis*, for

Vickers indentation, (H/Y) can be expressed by

(KIY) , o (ElY) + 0.38 1] [Al]

For Hertzian indentation, the expression becomes

where E is the Young's modulus of the indented material, P is the load, R is the

radius of the Hertzian (spherical) indenter.

Equation [All is graphically expressed in Figure 2 for various materials; Equation

[A2] is illustrated in Figures I and A. MoS2 (Figure A) during Hertzian indentation

(0.0012m < R < 0.0127m), deforms inelastically even under a low load P.

-----------------------------------------------------------------

* Johnson, K.L., J. Mech. Phys. Solids, 18, 115-26 (1970).
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Appendix B

Hertz4 an (Spherical) Indentation on Ceramics Having Various Surface Conditions

Thus far, only Hertzian-type analysis which is based on the theory of elasticity

has been sucessfully applied to analyze data obtained from Hertzian (spherical)

indentation on elastic solids. Hertzian indentation on "virgin" ceramics was

discussed in one of my earlier reports*. Applying small-flaw approximation,

i.e., Zi << a, In the Griffith regime, initial surface flaw size in ceramics can

be estimated by Hertzian indentation if we premeasure the KIC value from Vickers

indentation. On the other hand, no exact analytical solution for Hertzian fracture

parameter evaluations can be achieved using large-flaw approach (i >>  ) due to

the complex stress-strain relations within Auerback regime. My intent here is to

extend the application of the small-flaw approximation to evaluate surface flaw

size in ceramics coated with a "hard" layer.

With all the configurations in Figure B and assuming R > a > 8 > ci

= KA +K R [BI]

or

K YJAf Fc + y cT Jf'=[ [B2]

Since

cYA 2 /2 ( -~P)(P ) [B33

-------------------------------------------------------------------
* Wong, B., "Assessment of Sharp and Spherical Indentation Techniques", A Report

to Gardos, M.N., Hughes Aircraft Company, July 25 (1986).

BI
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and

2. = () ( )/3p 213/3 [

Therefore,

I i. _ z . I::Y3 1:- /3 .y -. [B5]

where

At fracture,

-IC , R + y Ir]-. [B6)

or

when "1 ijj0

P, (K3)(43 e;1 = (B8]

Where Go and G1 are the Griffith's coefficients of the zeroth and first kinds,

respectively.

Notice that Equation [B8] is the equation for the case of "virgin" ceramics.+

Hertzian theory become irrelevant to the analysis of Hertzian indentation data

obtained from either "soft" ceramics or ceramics coated with a usoft" layer

-----------------------------------------------------------------+ Footnote on p. BJ
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whose deformations near the surface/subsurface regions during indentation are

dominated by the elast'c-plastic or even rigid-plastic behavior (Appendix A).

New analysis based on the elastic-plastic theory has to be developed for

Hertzian indentation fracture characterization of these materials.

B3
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Figure B. Schematic of Hertzian indentation on a ceramic coated with a "hard"

layer.
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Appendix C

Vickers Indentation for KIC Measurements on Layered Ceramics

The original Lawn-Evans-Marshall (L-E-M) elastic-plastics analysis of Vickers

indentation fracture is based on the assumptions of (with configurations in

Figure Cl):

1. a well-developed half penny-like crack configuration under a center-

point-load (far-field approximation);

2. the existence of a residual field arose from the mismatch tractions

exerted on the surrounding matrix by the permanently deformed material;

3. the insignificance of frictional force between the faces of the indenter

and the sample.

oK FI.C3 cxl (8V/)/
where KI is the residual stress intensity factor, Pr is the outward residual

force on the crack, (&V/V) is the irreversible strain induced by the inden-

tation.

Since

( VIV) c< ( b43/b)3  cos o ° 3C2]

where a and b are the characteristic dimensions of the impression and plastically

deformed zones, respectively.

Therefore, the application of L-E-M concept and analysis to ceramics coated with

a "hard" layer (Figure C2) is still appropriate. However, the analysis has

restrictions for its application to ceramics coated wtlh a "soft" layer (Figure C3).

C!



Under such circumstances,

VlV) a< 0 0 a2 EC

Only if < a, Pr and subsequently K, (KIC) will be correctly calculated by

L-E-M analysis.

C2<L



Figure Cl. Schematic of a Vickers-produced indentation-fracture system.
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Appendix D

Fracture-Mechanics Analysis of Vickers Indentation on Ceramics

Coated with a "Hard" Layer

Assuming that the model shown in Figure 3 (top drawing) holds, the surface

res 4dual stress intensity factor can be expressed by

C

= 2 (C7T) 6 o C/6 - [Dlj

and

jC3

RN 6, + f R(4 [D2]

0~- 6,- 1 /cJ a
Equations [DI] and [D2] can be simplified into Equations [D3] and [4],

respecti vely.

K- .77 6,q c , _ c/ ,. C [D31

and

/.= - .3 s6R'(6/c) 6 R c /, I c/S - [ D [04]

where d is the half-thickness of the sample.

Since

DI

T-33



where KA and KIC are the "apparent" and "real" fracture toughness values of
IC

the ceramic under stressed and stress-free conditions, respectively. They are

the outputs of Vickers Indentation measurements.

Therefore,

=I. 7o7 Cq c a [D63

and

Ki______ =c [1.13 sin'6/) [cJ112 [07]

Equations [D6] and [D7] are graphically expressed in Figure 3 (bottom drawing).

Application of this fracture-mechanics analysis to an experimental problem is

illustrated in Attachment 0. The surface glass layer of the oxidized (816°C,

4h) NC-132 HPSN* was accordingly found to be under tension because the measured

"apparent" fracture toughness increased with increasing indentation crack dimension

(load) within I < c/6 < d/6as predicted by the proposed fracture-mechanics

solution. This find'ng fully supports the theory that an internal strain (stress)

is induced by the molar volume mismatch between the SiO 2 glass and Si3A. Knowing

the thickness of the glass layer eventually allows determination on the surface

residual stress.

----- --- -- -- - -- -- -- - -- --- -- - - --- --- ---- m----- -- -- ------

* The mechanical properties of "virgin" NC-132 HPSN measured by the indentation
techniques in this study are: E - 321 + 44 GPa, H - 18.02 + 0.92 GPa and KIC
4.14 + 0.11 Pa m1/2.

D2
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APPENDIX U

B. Wong, "High-Speed Contact Failure and Microindentation," Hughes
Interdepartmental Correspondence No. 7641.20O804, 27 February 1987
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I. INTRODUCTION

The first objective of this IDC is to present an evaluation of our proposed

failure mechanistic mode for high-speed triboceramic contacts. Predicted

lifetimes of HPSN contacts calculated based on some pre-determined failure

parameters are found to be in good agreement with the published fatigue

life data of ball bearings made of the same material obtained under high-

speed motions.

The second objective of this IDC is to provide comments on IBM and NBS experimental

work on microindentation.

I. TIME-TO-FAILURE FOR HIGH-SPEED TRIBOCONTACTS

It has been recently proposed that the most probable failure mode of a tribo-

contact under hiqh-speed motion conditions is the thermal fatigue and its time-

to-failure can be calculated if certain failure-related parameters are pre-

determined (1).

(TY T-n A-1  ( V XP ) -- n I 

f u-I
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where

tf is the time-to-failure

O'j is the total stress

Ci is the initial surface crack (flaw) depth

KIC is the fracture toughness

T is the absolute temperature at maximum

R is the gas constant

Y is a geometrical factor

A, n and are all enipirical terms obtained from subcritical crack growth studies.

For HPSN, obtaining the slow crack growth behavior from the study by Evans et al.

(2), i.e., A10-7 m/s, n = 5.5, Q = 170 K-cal/mol, also using KIC = 4.14 MPa

mr/2 according to (1) and assuming T = 617°C*, time-to-failure vs. total stress

plots at various initial surface crack depths are shown in Figure 1. As expected

under high speed motion conditions, i.e., under a high total stress and elevated

temperature, time-to-failure of the HPSN tribocontact is particularly sensitive

to the depth of its initial surface cracKs (flaws) caused by fabrication and surface

finish procedures. Based on the comparison of initial crack depth, the good

agreement of the predicted lifetimes with the 90t confidence experimental data (3)

obtained fromn the NC-132 HPSN under a shaft speed of 9400 rpm therefore fully

supports the failure mechanst'c mode for high-speed tribocontacts previoJsly

proposed (1).

Ill. Technique Review

The indentation debonding test for polymer coated substrates proposed by IBM (4)

demonstrates that quantitative adhesive strength can be evaluated by simply

1- 0,000 rp), local temperature rise at ceraic

contdst surfaces >600'C are very possible.

U-2-
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measuring the characteristic debond strain, which is a constant for a given film-

substrate configuration regardless of load and indenter geometry. However, this

test seems applicable only to interface characterization for plastic films whose

adnesive strengths are weak. For evaluation of interface and contact-induced

damage of rigid oxide coated substrates, Marshall-Evans analysis (5) appears

to be more appropriate. On the other hand, the NBS dynamic microindentation

testing (6,7) that characterize materials in terms of continuous measurements

of applied load and penetration depth seems to be a comprehensive technique for

mechanical property determinations. It allows the determination of the unrecovered

impression area under load and also a comparison between the indentation impressions

under load and after unload; therefore, deformation energy in terms of elastic,

plastic, and anelastic components can be measured. This technique has been thus

far applied to unworn and worn metallic alloys for differentiation of wear

behavior; its validity to wear characterization for ceramic containing systems

however, has to be justified.

. LUSIO.

Tneri;l fatigue has been illustrated to be at least one of the major modes for

high-speed triboceramic failure. Microindentation techniques which can provide

accurate measurements of some important parameters for thermal fatigue such as

fracture toughness, 4nitial flaw depth, residual stress, adhesion behavior, etc.

are therefore required in materials characterization to predict high-speed tribo-

contact reliability. IBM and NBS methods, after thoroughly tested, are suggested

to he included in our triboceramic characterization program.

B. Wong
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Introduction

Ring cracks are usually detected by optical inspection of the flat after

unloading and removal of the specimen. However, the initiation of a ring crack

can be observed directly by optical means if the flat is optically transparent

and if the radius of the ring crack is large enough. Since this is not always

possible or convenient for ceramic materials, it is highly desirable to have a

technique which determines the onset of these ring cracks.

As reported in the DARPA First Semiannual Report, initial model experiments

will be performed on a semiautomatic, Hertzian cone-cracking apparatus adapted

from that reported by Grzybowski and Ruoff(1 ). The apparatus is shown schematic-

ally in Figure 1. Ceramic flats will be indented by new, high modulus Co-WC cermet

and TiN-coated, Ni-Mo-TiC cermet balls to determine the microstructural effects

of static load-carrying capacity. A thin film of gold (optimally 1000 thick)

will be deposited on the ceramic flat and, upon being cracked by the ball, will

interrupt a circuit between the gold metal layer and the electrically conductive

ball indenter (i.e., the ball is sufficiently conductive in its own right). In

this way, the load can be increased in a controlled manner until, at a critical

load, Hertzian cone-cracking is indicated by a marked increase or interruption in

contact resistance.

I. Theory

The state of stress within a brittle flat being indented by a spherical

indenter, both made of an isotropically elastic material, can be determined by

the application of the elastic contact solution (Hertz contact problem)( 2 ). The
resulting stress field Is axially symetric about the indenters and yields a

maximum pressure at the center of contact given by:

V'-i
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=2 2R2 /  -1/3

Po - U-) (Kf + KI) RF ]
211 311

and a contact radius given by

a = -LII (Kf + KI)RF] 1 / 3

wherp Po is the maximum pressure, R is the tip radius, F is the applied force,

and Kf and KI are defined in the following equations

Kf = (I - Vf2 ) / Ef

KI = (I - v12 / n El

where Ef and E, are Young's moduli, and vf and v I are Poisson's ratios'
2 ). The

subscripts f and I refer to the flat and to the indenter, respectively.

An indenter pressed against a flat made of a different material produces

additional frictional forces within the contact region not dealt with in the

aforementioned Hertz theory. However, observations by Tolansky(3 ) have shown

that in glass flats, ring cracks follow the contour of the maximum tensile stress

producing a circular geonetry. Due to the tensile nature of the radial stress

outside the contact region, a surface step and fissure are produced during ring

c,ack formation.

The height of the generated surface step cannot be calculated, in general,

due to the flow and stress distributions present. However, if we assume that the

surface outside the contact perimeter returns co its initial unloaded position

upon crack formation at r = a, then the elastic contact solution yields a minimum

surface displacement perpendicular to the flat surface at the contact perimeter

given by

F= +Rf R1I

The topography of the cracked surfaces conducted in tests to be in this study

will be measured with precise optical interferometric methods to verify (or

refute) tne assun.ption.

v-2.
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Ruoff's (et al) technique requires a thin metal film (200-1000 A) on the

electrically insulating flat and the indenters if it is also insulating. The

electrical contact resistance between the flat and the indenter is continually

monitored during loading. This resistance decreases continually due to the growth

of the area of contact with increasing applied force. For a spherical indenter

pressed against the center of a circular flat, the contact resistance is then

given by:

e-

where Pfi and tf,I are the resistivities and thicknesses of the metal film, D

is the radius of a circular flat, and Po is the sum of the constant lead resis-

tances( 4). For a gold film approximately 1000 X thick, the contact resistance is

calculated to be at least 0.46 ohm.

If we ignore the effects produced by the thin films on stress distribu-

tions( 4), then the electrical contact resistance should follow the above equation

until a ring crack is formed. The production of the ring crack with its associated

surface step and fissure act to severely deform the metal film, and causes it to

tear along the step. The tear blocks the normally conductive path, and hence,

increases the contact resistance.

Initially, these tests will be run at room temperature. Table I shows the

theoretical Hertzian stresses which would be imparted to an a- SiC ceramic flat

by Co-WC balls with three different diameters and at two different loads. Inasmuch

as Lucek( 5) demonstrated that new and oxidized Nc-132 HPSN flats are cracked by

comparably-sized (approximately 3/32 - 7/32 inch diamter) Co-WC balls at around 9

GPa, the range of our experimental variables is more than adequate.

V-3
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II. Experimental Equipment

A. Loading

A special loading device is being constructed from an existing Hertzian

cone-cracking apparatus (see Figure 2)(6). The loading mechanism consists of a

ball-bearing guided, vertical steel shaft with an in-line force transducer and a

ball-holder on the bottom end, and a dead-weight loading platform on the top end.

The ball holder, which houses an adhesively-bonded ball (silver-filled

EC 56C per HP 16-95) can rest on any given contact point of the flat coupon

positioned underneath it (see Figure 3). The position can be precisely adjusted

with an X-Y stage (Newport Research Model 460-XY).

The load is sensed by a force transducer (Sensotec Model 34) installed

in-line with a dead-weighted loading rod. Progressively increased dead weights

will be applied by pouring fine lead shot into a weighting pan through an orifice

of controlled size. Changing the ball indenter diameterand the lead shot orifice

size of the loading funnel will permit measurements of the critical normal load-

to-fracture of the ceramic flat as a function of indenter radius and loading rate.

Note that a load-retarding spring (Century Springs, Inc.) prevents con-

tact between the ball and flat when the system is not loaded. The idea is to

prevent shock-loading of the system with careful experimental technique and use

of the compensating spring.

B. Electrical

An electrical wiring schematic diagram for the apparatus is shown in

Figure 4. The force transducer (Sensotec Model 34) has a 20 mV full-scale output

(2 mV/lb) and requires a 10 volt stable power supply. (Sensotec sells a suitable

power supply (Sensotec 10-240) for $160 If we cannot locate one In the equipment

pool). The output lines (positive and negative) from the transducer will connect

to the "Type 4" input terminals (x-axis) of the X-Y Recorder (Houston Instruments

2000 Recorder).

The change In the electrical contact resistance with applied force

will be monitored continuously using a digital multimeter with analog output (Hew-

lett Packard Model 412A DC Vacuum Tube Voltmeter). The leads from the balls and

flat will be connected to the DC Voltmeter which, In turn, will have leads

connected to the "Type 3" input terminals (y-axis) of the X-Y Recorder. The X-Y

Recorder will indicate changes in electrical resistance with changes in applied

load. V _4
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C. RF Sputtered Parts

Six ceramic flats have been sputtered with an "adhesive layer" of

chromium approximately 200 Angstroms thick followed by a layer of gold approx-

imately 1500 Angstroms thick (see Figure 5). These six (three a- SiC and three

HPSN substrates) will be used for preliminary calibration and check-out of the

Hertzian cone-cracking apparatus. The chromium/gold sputtered films demonstrates

excellent adhesion (passes the tape test to the ceramic substrates and exhibits

excellent electrical conductivity).

D. Items Yet to be Done

Essentially there are four items yet to be done to complete assembly/

fabrication of the apparatus' component parts. Frist, a constant power supply

for the force transducer must be purchased or appropriated here at Hughes (as

discussed in section B). Second, the hard-coated balls must be bonded to the

aluminum ball-holders, as discussed in section A. Third, the moveable stage from

the old Brinell indentation apparatus must be modified as shown in Figure 6. By

countersinking four thru-holes as shown In Figure 5, the stage can be mounted

properly to the precision X-Y stage. Fourth, the baseplate from the Brinell in-

dentation apparatus must be modified as shown in Figure 7. The four new thru-

holes will enable the precision X-Y stage to be mounted to the baseplate.

Il1. Conclusions

The existing Hughes Brinell apparatus will be refurbished in accordance

with the new design. The necessary drawings are complete, and the necessary

equipment has been ordered. The model experiments should begin as soon as the

force transducer (the pacing item) is received.

S.D. Eisenbrand

Approved by: .E. Kelchner-, Hea
Aaterials Physics Section

jsb: V-r



TABLE 1

Maximum Hertzian Stress of an ESK -SiC

Ceramic Flat Contacted by Co-WC Balls

Ball Diameter, Load, Ig Max. Stress,

m. (in.) (lbs.) GPa (psi)

2.381 x 10-3 (3/32) 0.454 ( 1) 10.9 (1.575 x 106)

2.381 x 10-3 (3/32) 4.54 (10) 23.4 (3.394 x 106)

3.968 x 10- 3 (5/32) 0.454 ( 1) 7.8 (1.120 x 106)

5.556 x l0-3 (7/32) 0.454 ( 1) 6.2 (0.895 x 106)
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Figure 3. The Brinell indentation apparatus.
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AVOID VERBAL ORDERS

To: M N Gardos 76 21 Loc:EI/F150
From: B L Billington 76 21 Loc:E1/F150
Subject: Hertzian Stresses 10/31/86

A detailed review of Grzybowski and Ruoff's article
uncovered that their equation describing the Hertzian stresses
between a ball and a flat is incorrect. This equation, as used
by Greg Eisenbrand in his June status report, describes the
maximum contact stress as follows:

The correct equation:

-L) P/rJ (2)

yields much different loads than originally believed for a
tungsten carbide ball in contact with a HPSN test flat (table
1). Note the inverted 4/3fr and 3V /4 ratios in the
respective equations.

By replacing high load sensitive components, the
current test set up can be modified to provide the necessary
loads. This test set up is limited by the 10 lb. load cell and
the x-y stage which has a maximum load capacity of 25 lbs. The

test frame can be replaced with an available, more massive
Tinius Olsen frame and loading rod in which an available 300
lb. load cell can be easily mounted. Adaptors have been
machined so that the Indentor tip can be attached to the new
load cell. The current 15 lb. loading system will have to be
replaced with one that will provide loads to 150 lbs. I am

currently in the process of locating a loading device that will
suit our needs.

Because this test methoc has not been explored
fully, I would like to continue with the above mentioned
modifications which will enable me to ditermine if this is a
viable method to detect the onset of cracking in our test
samples. If not, I would like to suggest using acoustic
emission as a measure of cracking. It is estimated that thp

cost of such a system will not exceed $3500.



For your review I have included the tabulated and
graphical result generated for the Hertzian contact problem
using the following load, material and geometrical constraints:

Max stress 9.0 Gpa
E (indentor) 94xlObpsl
E (flat) 40xlO6 psi
Poisson's(ind.) .28
Poisson's(flat) .27
Ball dia 3/32 in

5/32 in
7/32 in

These data were generated by eq.(2).

V-I7
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Hertzian Stresses

Ball Dia.(in.) Max Load (Ib) Ma;:. Stress (Fa)

27.47 9.00

5/32 76.27 9.u)

7/32 149.80 9.(O(

Table 1

HPSN flat, Co/WC indentor

V sIt



T.*ngetanm carbide Salle.. BiN Flat

1"'.t parties. lnt.rad-ata Contact Load Contact Load Contact Radlus Roan 5t2.,.. . M"a.Brat, Mo "an Stroa antrs
.a..uaton (Lbs..) (Newton) (inch) (pall (psi.) top.) (OFa,

7ou:. . Mod I MIII.) 0.000000E.00 0.000000E-00 0.0000002.00 ERR ERRP ERR9. 40(C.00107 3.9217022-00 4.0000002.00 l.7792692001 1.9772502-03 3.256767E-05 4.9851512*05 2.3454622*00OR 3.368193E.0
loung a Mod 2 MtI(#. 2 *.0000002.00 3.2i585772n01 2.491179103, 4.103270L-05 h.l54905E.05 2.029105E*00 4. 243653'E.00O
4.000000E-07 9.2710001-08 l.2000002.0l 5.33766E2o01 2.653689E-03 4.6970712*05 7.045607E-05 3.230317E-00 4.357775(*QO
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2 .9OC''O'-0I 2.5600002.01 2.00000O0l 0.996443E-01 3.361051E-03 5.368994E-05 8.3534912005 3.11396116E000 3.7395291E0

'- a..Nat,0 2 2.400000E-11I 1.067573E.02 3.5929031-03 5.917939E-05 8.8761909205 4.0802751*00 6.170413E:00
2.70000011-0l 2.U000001*0l 1.245502E*02 3.702344E-03 6.2299722*05 9.344950E+05 4.295414E-00 6.443122E2.00

Ball Di..atsr 3.200"fl0101 1.4234311.-02 3.9545012-03 6.5135351*05 9.7703022085 4.490924E-00 6.73662.00
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7

't2

..40000.1*0l 3.736506E002 5.453004E-03 0.985175E-O5 1.347774200;6 6.N501592.0 922610
8.000002.-01 3.914435E402 5.540334E-03 9.225591E-05 l.368639E-06 6.2918732000 9.4370-9E-00

Input Onaso. lntai.da.ts Contact Load Contact Load Contact Radiua Moan Btraa M...Strvs Moan Straaa. .. Sat..a
.a.......ix (Lbs.) I"Wsotan (Inch' (pall (pall tEa) (Opal$

Yng a Mod I Mtl#.1 0.0000002.00 0.0000002*00 0.00000.000 ERR ERR ERR9.4000(00.07 3.9217v21-08 3.000000E*00 1.334466E-01 1.535l96E203 4.13940605 6.239229E!R05 2.8673652000OR 4.301797W2*00
Yng s Mod 2 Mtlf.2 4.0000002.00 2.66S933E001 1.v99042-03 5.2406241005 7.8609362*05 3.6132631000 5.419924E*00

4,..000000E1(-7 9.2710002-08 9.000000200 4.0033992*01 2.1852762-03 5.199017E-05 8.985251.03 4.136176E-00 6.2042652*00
Fo.aat,. I Suasaion- I/P 1.20000&2-0I 5.3378662*01 2.405207E-03 6.602773205 9.904159E.05 4.552451E.00 6.828677E-00
2.'8000~1E-0 4.266667E-01 1.500009E-01 6.6723332E01 2.590O93S2-03 7.1126212005 1.066693E-96 4.903979E-00 7.355969E100
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.:700.-CZ ;.10l2o .2010202*02 3. 151717It!-07 8.6520802*05 1.279122006 S.95920 7.40118C100

3.3 00(0.1 2.46791l32*02 3.3697431-03 9.2504142*05 I.367592E-06 6.3780'741.C-(0 1.567111E.00
3.6000002*01 1.601360E'02 3.46819091-03 9.522846E-05 1.426427E-06 6.565771E000 9.8686562-00

3.90*0001*0l 1.73148161-.2 3.5627092-03 9.780344E*05 1.4670522*0-6 6.'43302E0'( 1.0114-6a.f1l
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5.4000002*01 2.4020401002 3.970910E103 1.090094E*06 l.6351411-06 7.515931E-00 l.1271-01n01
5.700C00001 2.535486E-02 4.0431242-03 1.10991@2006 1.6648772.06 7,652615E000 1.47 1
6.000000E-01 7.6669331.02 4.112847E-03 l.1290581006 1.693587E-06 7.7845821.00 1.167667E*01
6.3000C02*0l 2.802380E002 4.10822E-03 3.1475712*06 1.721356E-06 7.1212.I00 1.196033E-01
6.600000E-03 2.935826F.02 4.245610E-03 1.2655041*06 1.748257E-06 8.0358692*00o 1.20538020-01
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R.G. Hardistry, "Materials Removal Rate; Silicon Nitride Materials; Base-
Date," Final Report, Spheric Special Products Report No. 1.015, Spheric,
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Spheric
Engineering
Limited Material Removal Rate - Base Data 4 September. 1989

1 Introduction

We have reviewed all of the data collected in processing 6 types of maierial
under controlled conditions and have produced a summary of the
measurements made during the grinding process.

The process data is contained in section 2. and summarised in sectior 3.

Previously when analysing this data to )roduce diametric and volumetri,-
grind rates we have used the change in size between the end of the rouridiir,
stage and the end of the grinding process. This approach does therefor,,
consider the whole grinding process but as the applied load is changed diriro,
the process may distort the results, and provide unrelated values for grind
rate.

In carrying out this review it we have therefore, considered only that part -f
the grinding process during which the applied load is constant at lkgf ,pr
ball. Because of this change the grind rates are different from those
previously stated, and are i believe more accurate.

2 Basic Data From Grinding Process

The data listed below shows the mean diameter, and applied load at xarious
times within the grinding process, for each lot of balls covering the 6
material processed under controlled conditions.

The load is shown as load per ball. and is that which was applied from the
elapsed time shown.

The time starts at the completion of the rounding pr'---- although in som-
cases, the balls may not have been fully round at this time.

bhl.015 Introduction pa,, ,
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Limited Material Removal Rate - Base Data 4 September. 1989

2.1 Babcock & Wilcox

time load diameter
(hours) (kgf) (inches)

0 2.5 0.525512
4 1 0.519500
8 1 0.515510
10 1 0.510170
11 1 0.508390
12 1 0.506510
13 1 0.504510
14 1 0.502730
15 0.4 0.501530
16 0.4 0.500772
17 0.4 0.500374

mean grind 0.001479
rate

2.2 Cercom - Hot Pressed

time load dia
(hours) (kgf) (inches)

0 0.625 0.519094
4 2.5 0.513650
8 1 0.508350
10 1 0.503150
11 1 0.501550

12 1 0.501150
13 1 0.500950
14 1 0.500800
15 1 0.500720
16 1 0.500500
17 1 0.500450

mean grind 0.000878
rate

bh 1.015 Basic Data From Grinding Process pae. c



Spheric
Engineering
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2.3 Cercom - HIP

time load dia
(hours) (kgf) (inches)

0 0.65 0.513701

4 2.5 0.51200,
6 1 0.510500
8 1 0.505500
10 1 0.503400
11 1 0.502100
12 04 0.500900
13 0.4 0.500400

mean grind 0.001023
rate

2.4 Toshiba

time load dia

(hours) (kgf) (inches)

0 0.65 0.524055
4 2.5 0.523622
8 1 0.522047
16 1 0.519685
24 1 0.516535
32 1 0.512992
40 1 0.509843
48 1 0.507480
56 1 0.504331

60 1 0.502756
64 1 0.501575
66 1 0.501181
68 1 0.499409

mean grind 0.000362
rate

bhl1.015 Basic Data From Grinding Process page j
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2.5 UBE

time load dia
(hours) (kgf) (inches)

0 0.65 0.518504

4 2.5 0.518110
8 1 0.517717
16 1 0.515354
24 1 0.512205
32 1 0.509449
40 1 0.506299
48 1 0.504331
56 1 0.502756
64 1 0.501181
68 1 .0.500591
70 1 0.500315
71 1 0.500236

mean grind 0.0003
rate

2.6 Norton

time load dia
(hours) (kgf) (inches)

0 1 0.512260
4 1 0.508620

6 1 0.506730
7 1 0.505900
8 1 0.504500
10 1 0.503200
11 1 0.502100
12 0.4 0.500900

mean grind 0.000947
rate

bh'l.015 Basic Data From Grinding Process [ page 4



Spheric
Engineering
Limited Material Removal Rate - Base Data 4 September, 1989

3 Summary of Data

The data shown in section 1 is summarised below.

The start and finish sizes used in this summary are the end points of the
process during which a constant load of Ikgf per ball was applied, and as a
result the grind rates are different from those previously stated.

The hardness and toughness values are those previously stated, arid Aere all
measured under the same controlled conditions.

Cercom Babcock Cercom Norton Toshiba UBE
HIP & Wilcox HP

Start Size' 0.510500 0.519500 0.50835 0.512260 0.522047 0.517717
End Size 2  0.500900 0.501530 0.50045 0.500900 0.499409 0.500236
Time 3  6 11 9 12 60 63
Hardness HvLgfi 1655 1390 1570 1820 1545 1610
Toughness 4.70 5.60 5.82 5.00 6.93 6.97

diameter 0.0016 0.001633 0.000877 0.000946 0.000377 0.000277
reduction rate
Product of
hardness and 7778.5 7784 9137.4 9100 10706.85 11221.7
toughness

volume change 0.000642 0.000668 0.000350 0.000381 0.000154 0.000112
rate

0.024581 0.026822 0.025237 0.023440 0.025441 0.024922
hardnessi

0.313275 0.274700 0.266874 0.299069 0.234126 0.233117
toughness'

. ,r,'. ,hara }) 0.007700 0.007368 0.006735 0.007010 0.005956 0.005809

I The size when the pressure was reduced to lkgf per ball, and not the trup
start size.

2 The size when the load was reduced below lkgf

3 The running time between the start and end size

bh 1.015 Summary of Data page 5
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4 Rate of Material Removal

4.1 Diameter Change Rate

Previously in analysing the results we have suggested the possible
relationship between the diameter change rate and the product of hardness
and toughness.

Figure 1 shows the fig. 1
relationship of diameter
change rate to the
product of hardness and o
toughness. As before o.os -
the Cercom HP material
is not included as the
degree of size variation 2 .

present in the batch 1
appeared to provide a OM . w,

significant potential 4-o008
error. However, having Z oM.
re-examiner the original 0'ooo
grind rate data it 0 oo,
appears reasonable to
include this material. o0002

0t-%o 0 0 0 2 8 5C

Figure 2 shows the fig. 2
same values but
includes the Circom HP
material and it is clear Owj WS
that this also fits the oooM

general pattern. - o
Overall these results, 00ooo,

based that part of the o.00-
grinding process where 4a constant Ikgf load 0 oW9 00 O009 c n. t*o

was applied reinforce ..... WO
the view that the - o.0007
product of hardness and; oooo 4

toughness provides a , I
good indication of the a 000. o
resistance of the 30-034 Lo

O0002?material to the process 99 0Ms
and by extension to .g.
%ear in use.

bh 1.O5 Rate of Material Removal Page 6
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4.2 Volumetric Change Rate

Considering the relationship

t'olurne r eduction ''fracture toughness' hardness'

Figure 3 shows the fig. 3
volumetric change rate
against -- __,- _

I I

x -excl
0L.a, rcOQAft.s * kordn.SS 0o O

uding the Circom HP
material as previously.
With the exception of 1
the Babcock & Wilcox
material the relationship .
appears to be good.

o 00o2

o O C6 7o cb 9 00D 6 D o 0 oo 3 o o o2 o, o W X" D -

, t.a .... 75 '. 5

Figure 4 shows the fig. 4
same values but
includes the Cercom HP 0 co.
material which again
seems to fit the
relationship. The higher
material removal rate I
shown for the Babcock
& Wilcox material may
be related to the Boron t. o
Carbide Inclusions Z 0 C ...

providing a "soft" spot -
for entry of the
abrasive particles, 0 O2

thereby increasing the1 v....

rate of cutting. O N - ,-
0 OO-se 1."~b c o;62 o006e4 '0.0066 'O-'6 . c 0. ? z . Qr 0 7. c- rl "

I j.. go*t$, 713 - I

bh/1.015 Rate of Material Removal page
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5 Discussion

It is clear from the data and figures above that a relationship exists
between the grind rate and a combination of hardness and toughness, and
that for balls there is a considerable similarity between the values for
change in diameter and change in volume.

The relationship is certainly more clearly demonstrated using the change
under the constant lkgf as in this analysis as opposed t- he change through
the whole process as used previously.

It may be that in comparing wear rate of balls with wear rate on flat
specimens, the swept surface area is more relevant than either volume or
diameter change. Certainly we have found that in trying to predict the
cutting rate in our normal process, that it Is difficult to produce a simple
relation ship between size and time using either change in diameter or
change in volume.

However, if we consider the process at the micro level, it is clear that we
achieve very little real depth of cut. The cutting process may therefore be
characterised as a repeated scratching of the surface, probably to a depth of
a of 2 to 5 micro inches 4, the size being reduced as these scratches join to
cover the whole surface.

Effectively, the process repeatedly removes very thin layers from the ball
which can be described as a series of the form

tolume = 4nr-(4n(r,-d)2 d)

- (4n(r, - 2d)2 d)- (4n(r,- 3d) d)

- (4n(r, - 4d) 2 d) ......... etc

where ra is the start radius and d is the depth of cut.

If the -urface area is the controlling factor the time taken to remove each
layer would be less than the time for the preceding layer, such that the time
taken to remove any layer (n+l) would be

r ., (rn-d))
r r

r, 2 2

This would apply in the same way to a flat surface, but in that case the
surface area would be constant and the time for each layer constant.

4 Measurements of the surface finish of balls during the grinding process
give values in the range I to 4 pinches Ra.

h 1.015' Discussion page 8
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It may be that by taking this approach, and measuring the time taken to
produce a very small change in diameter, that we can accurately predict the
time for a given diameter change.

Figure 5 shows the rate fig. 5
of change in surface
area against the 001_
product of hardness and 0 0 0.bok

toughness. o !o o C o HI

0.0045

S O'CO41

0.0035

o.oo3s I
0.003 - O2o5 a0

O225 C COOOm HP

0 001

CToshlb.o ool 5UE

008

1 hogS. d0s

*000 .. %ad,'e.

Figure 6 shows the rate fig. 6
of change in surface
area 0.0055

.t3 r t _ar. r t~sO " &orctn.~sS

0 0045

- 0.004

Z 0.0035

0 003 O e,$oo
. Ctcom HP

* 0.0025

0.0oz

0.001

a 00,58 0 CO# 0062 0 61)44 0 Ve6 60 o00 0 o0 , o0.072 o 00,9 a, ', , C '

I ,to0Ub8e.*, 75 - : HV" .5

bh/l .015 Discussion page 9
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Both fig 5 and fig 6 show slightly better relationships than the previous
figures, and tend to suggest that the grind rate may be more accurately
predicted as being related to the change in surface area. Effectively the time
taken is related to change in diameter2 rather than change In diametera

bh 1.015 Discussion [ page
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Dear Mike,

Below is our progress report for November 1987

INTRODUCTION

The first step of our proceeding is the characterization of the

samples as received.

EXPERIMENTATION CONDITIONS

The X-Ray source is Magnesium Ka (1253.6 eV). Vacuum in analysis

chamber is 10-9 Torr. Ionic etching is done with Ar ions (3 kV). The

samples are cleaned up with Hexane in ultrasonic bath.

I - BN Pyrolytic analysis (hexagonal)

Before etching, we find out carbon, oxygen, nitrogen and boron. We

also notice light traces of calcium : the binding energy of carbon and

oxygen shows that these traces are the result of a surface contamination.

The Nitrogen is peak shape presents an asymmetry. After a two gaussian

resolution, the new peak energy might correspond to N202 or NH3. The ratio

B/N amounts to 1.03 before etching.



After etching, an high quantity of carbon and oxygen remains. The

binding energy of carbon shows that these are carbon free atoms (maybe

graphite). The binding energy of carbon and oxygen does not allow to

attribute it to a defined molecule. The ratio B/N amounts to 1,3. This

result teaches us that the sample should be baked after etching.

Considering the samples technical preparation, this analysis has been

performed on the two faces. The same results have been obtained.

I - BN Combat analysis

The same analysis were performed on this sample. We detected silicon

presence under the oxide form. Boron peak presents two componants. After

resolution, we characterize Boron BN and Boron Oxide. The ratio Boron

(BN)/N amounts to 0,96. After fifteen minutes etching, the remaining

quantity of carbon and oxygen is still very high. The binding energy of

carbon Is shows that these are carbon free atoms. Silicon quantity has

increased. The Nitrogen Is peak presents two gaussian with energy of BN and

NH3 or N202 . The ratio Boron(BN)/N amounts to 1.27.

CONCLUSIONS

These analysis shows that the samples surfaces present high quantities

of impurities. These are essentially carbon which binding energy has the

character of carbon free atoms, and oxygen which cannot be associated to

any existing element.

The results are described in annex 1 for BN pyrolytic and in annex 2

for BN Combat.

Next report will present SIC analysis results.

You will receive the December report in two weeks. Excuse our late due

to specimen problems.

Best regards.

J.M. MARTIN T. LE MOGNE

X-2.



ANNEX 1

Results fo r BN Pyrolytic.

11 Before etching

a1.SI, p 11/11/19& 996I P73t I Is W6. lspc 19/11/1!86 IN I a I Is
Src. r1  ode CAL [seri, d',u.bse 58 Mehe. 41 C~cie(s) 35 '"m Nl Bode CAL Itergig V04Nse SA Aite, dt Cycle(s) 39

B1 5  Ni5

IN~c~ Mil~ CA 38I:o, h6 131 U'IM9 IN Til A Is.

I
MAN : LflLII BE LIAISON S,.3 54.51 51UM; It LIAISON Inl. 5

element Binding" energy FWHMV % at.

B15  190,3 2 24,3

284,4 2,2 31.2
C15  286.75 2 5,2

288.5 2 2

Ois 532,05 2.95 11.6

N15  398,05 2 23,5
400,1 1.85 2,3

*Charge effect :4,9 eV
X-3



11 - After etching

W.z..pc 23/11/1!56 IN Mit I Is Z8111'iS O U R R ni.
Soorct M1~ Mott CAE Ewei 4'*a4yz SO Ambre de C9060(, 33 Ss.s U1  Mai. CAE I.-1,. d,.h. So F.,. 4. C"c.. Ji 38

BjS Nj5

jb". sn, Z1S/11856 0 NOI CL. i~.6. 31,U'!5W IN Mt 01.
h.,f. rj. M'.t CM bX t 6' u4s. S1 T.6,, at tc.ltl 'A 3-M. MI lfd. CAI t-?, 9d.10*0 So 1-$ 4. C.4 ,.i 1 3

n3~." IMIECI OL LIAISOM nz 7S WE.3 ~ 1 1I LIAIS0N

Cis 01S

element Binding* energy FWHM %at.

BiS 190.3 2,7 36.1

284.05 2,85 23.7
Cis 286.25 3 2,7

ois 532.35 2.8 9.5I N 5  398,1 2,3 28.0

Charge ef'fect 2,65 eV
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ANNEX 2

Results for BN COMBAT

I - Before etching

W l71!1'1186 Ca.t to I is W. SN 17/11/IS csUt a A Is

Ina

zna. so IX XL It LIAISON 03. 4 I3s e A Di '1 It L l .. WASO

iB
kw1 Svc 0 1417 :,."t IN C W9 spK 17'II/1.16 C."I1 0i

S- MI M- CAL E-i.. . d...iv. S1 Aw. to C.,,.isS A SM-., 551 MM. C0L f..,qs So rlwlo 40 Cgci.(.I 31

41521

I 1 .7 4.7

ZI i I5LI5LI Ii LliIa 37.l 544.NELZI IL LISISMi 534 ll .I i

element Binding' energy FWHM % at.

BIS 190,3 1.7 24.7

191,85 1.85 6,2

284,65 2 17,6
Cis 286.4 1.8 5.4

288,05 1.8 1.2

OIs 532,1 2,6 16,8
534,6 2,6 1.5

NiS 398.1 1,8 25.7

Si 2p 102,35 2.6 0.9

Chllige effect : 5.75 ev



II - After etching

WSl, 3I933.1l6 C-I m IM 1 . 1.40. Sy 18/1111196 C-bdt P I
S.".r,. 1 rlo C At Iw.[ t 4. 4.s,. 8 ft-H. r, 4. Cy. . *) 31 S-,. nj r.4, CAI S lk . J. Col. , ). ) 1

BIS NiS

, 18'31' 16C.41IlCT .11 18/11'1186 C-b.tD S
S..r,.q M o4g CAI 1...9.S C-..1"."So SIM b, hl C1'I..) 31 Soo- M,, M64 ,At 13 ,* .. i y So a, . 3 3

1 136 747'

(I

314.11 ~ III SIL511342.13 MUM1 Pt 1113CA1 S32 h;

Cis Ois

jr

element 1 Bindinig 0energy FWIIM %at.

BiS 190,3 3,2 29.1
192,7 2,7 6.3

283,7 3,15 13,5
Cis 286.0 2.95 2,~4

Ois 532.5 3.1 25.1

NiS 397.8 2,6 19.3
399,95 2.35 2.2

Si 2p 102.95 3,5 2,1

charge effect :n4n45 ev
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INTRODUCTION

In the near future, Electron Energy Loss Spectroscopy (EELS) will

provide chemical, structural and electronic parameters on interface

materials formed under tribotesting which are needed for fundamental

understanding of wear processes. The technique will be complementary to

surface analysis (XPS, AES etc...). In addition EELS analysis is very well

spatially resolved (probe size diameter 2 nm possible) and can be coupled

to electron microdiffraction and high resolution electron microscopy

(HRTEM).

The letter reports the performance of EELS applied to hexagonal boron

nitride and some elements of interpretation of data recorded. Future works

with EELS will be devoted to aSiC B203 and wear fragments from VHV

tribotests.

K EDGES FINE STRUCTURES FROM h BN

We shall consider mainly on the boron K edge (192 eV) rather than the

nitrogen K edge whose signal is appreciably weaker. Figure (1) shows the

boron K edge recorded with serial detection from a monocrystal oriented

with the C axis parallel to the incident beam. The size of the detector

aperture averages the signal over different scattering angle centered

around (8 = 0).

As already mentionned in the litterature, the core edge fine structure

can be related to density of states [1]. A resemblance is expected between

peaks in the energy loss spectrum and the density of inoccupied conduction

states in the solid. Neverthless the following factors should be considered

Firstly for is electron excitation, only transitions to states of p

X-71



BORON EXELFS

Steps in data reduction

In the analysis of the data, following procedures are needed [5]
- 1 -Subtraction of the background intensity preceding the edge by at

least squares fits to an inverse power law I a E-r where E is the

energy loss and r is a constant around 3 or 4 found empirically.

- 2 - Deconvolution of the plasmon excitations by Fourier Transform method

to eliminate plural scattering effects. Extra peaks above threshold

are produced and may cause inaccuracies in EXELFS analysis

especially as for as short atomic distances are concerned.

- 3 - Removal of the background after the edge by fitting the intensity to

a low order polynomial, either third or fifth order.

- 4 - Change the energy of the final state above threshold to a wavenumber

scale.

- 5 - Multiply by K3 to take account of attenuation by the backscattering

amplitude function.

- 6 -Truncate the intensity modulations at kmin. and kmax. The limited

range of k available is one ot he main problem associated with

electron absorption, limiting the resolution and accuracy in the

radial distribution function.

7 -Calculate the magnitude of the Fourier Transform to give the RDF

(radial distribution function).

- 8 -Add the phase shift on to the peak of the RDF (estimated from the

data of Teo and Lee).

RESULTS ON BORON K EDGE

Results presented in figure (3) have been obtained in following the

procedures described above except that the phase shifts have not been

estimated and added. Two major contributions are seen in the RDF obtained,

namely a peak at 1.12 A and a peak at 3,06 A. The first peak is attributed

to nitrogen neighbors in plane (3 neighbors at 1,45 A) the second peak is



attributed to inter plane atoms in the C-axis direction (8 atoms at average

distance of 3.56 A).

0. I.446A b
b,3.331

.8 
/

o N

In the two cases, the values of phase shifts to add have reasonable

values (near 0,3 A), and in a first approximation the data reduction of

boron EXELFS seems acceptable. A complete analysis of the spectrum is

precluded because of the difficulty of removing the unwanted carbon peak

(near 284 eV), the small discontinuity in the background substrated

-4I spectrum gives additionnal 
noise in the Fourier 

Transform.

CONCLUSION

The application of EELS on h BN is very encouraging, the technique

gives valuable information on the electronic structure of specific atoms (B

and N), and on the local cristallography by EXELFS analysis.

REFERENCES

[1] R.D. LEAPMAN, P.L. FEJES and J. SILCOX, Physical Review, B

vol. 28, n" 5, pp. 2361-2373 (1983).
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[4] D.J. JOYNER and D. HERCULES, J. Chem. Phys., 72, (2), Janv. 1980.
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and D.C. JOY. Plenum Press (1980).
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Figure 1 :EELS on h BN Boron K edge (energy resolution 0.6 WV.

Figure 2 :EELS on h BN Boron and Nitrogen K edges. Differences

in peak intensities are attrributed to

electronegativity.

Figure 3 :EXELFS treatment of' Boron K edge.
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Dear Mike,

I have well received your interesting comments on the finding of
carbon in CVD hBN plate and the problem of orientation of BN basal plane.
Indeed we enjoy that you get involved in our own research and to answer
your questions, we have made additionnal experiments on the
characterization of BN plate (ESCA and AEM).

First, remember that in our first report we have detected the
presence of nitrogen in NH3 form by XPS and this can be due to the
precursor B2H6 NH3 for example.

ESCA analysis of both faces have already been carried out (see report
Pt 1) and show the presence of carbon and oxygen. For confirmation ESCA (SSX)

has been performed with a 150 pm diameter probe. Results are summarized in
table 1 and confirms previous data.

We have observed by TEM some flakes coming from inside the 1 mm plate
(as you suggested we peeled the millefeuille). EELS spectra obtained from
thin areas figure (1) shows that free carbon is undoubtly present and
presumably inserted in the BN structure. The concentration might be
approximately 10 % atomic. Energy filtered images were then obtained
respectively before and part the carbon K-edge (OE = 284 eV). Results show
that additionnal carbon layers are included in the millefeuille and can be
visualized by EFEM (Energy Filtered Electron Microscopy) on the carbon K-
edge at 284 eV (figure 2).

See report 1 ESCA (SSX) ESCA (VO) peeled

BN plate

B is % 36 38 40

C iS % 25 22 18

0 1s % 10 7 6

N is % 28 33 33

Table 1

X-16



With respect to preferential basal plane orientation the electron
diffraction with the electron beam normal to the millefeuille is show

figure (3) with the corresponding bright field image. Results suggest that
the microstructure of figure 9 (b) Appendix III is possible with
cristallites oriented in any direction but as you mentionned at the
macroscopic scale the BN layers of each cristallite might have parallel C
axis.

Indoubtly there is porosity between BN grains and XPS results on

oxygen suggest that water is present in the structure (7 % atomic is
presumed).

So BN plates have a complex structure and are far from pure BN single
crystal that was expected. Neverthless friction work will be done with the
inner layers.

Very best regards

J.M. MARTIN

P.S. Abstract accepted at EUROTRIB 1989

X- 17
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TRIBOCHEMISTRY OF SILICON CARBIDE UNDER OXYGEN PARTIAL PRESSURE

J.M. MARTIN *, Th. LE MOGNE o, H. NONTES -. M.N. GARDOS ,

* EcoZe Centrale de Lyon, Laboratoire de Technologie des Surfaces, URA CNRS

246, 36 avenue Guy de Collongue, B.P. 163, 69131 ECULLY Cddex, France.

** Hugues Aircraft Co, Electro Optical and Data Systems Group, 2000 East,

EL Segundo Boulevard, P.O. Box 902, El Segundo, CA 90245, U.S.A.

Friction and wear of silicon carbide on itself have been studied in

different environmental conditions including vacuum and oxygen partial

pressures. We have built an U.H.V. tribotester with a pin on disk

configuration, installed in an analytical chamber with X.P.S. and A.E.S.

facilities. A unique feature is the possibility to clean and analyse both

pin and disk wear scars at the end of the test, without breaking vacuum.

Wear debris microstructure is studied in the T.E.M. by Electron Energy Loss

Spectroscopy and high resolution imaging. Results show that friction and

wear of SiC under vacuum (2.10-10 mbar) is very severe (f - 0.8). and

associated with SiC attrition and amorphization in the contact. Friction is

very sensitive to oxygen partial pressure, a drastic decrease of the

friction coefficient down 0.08 has been recorded, and this is due to

graphitization in the contact area, associated with the formation of

silicon oxide in low temperature range. Tribochemistry of SiC at ambient

temperature of SiC under oxygen is discussed.
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ABSTRACT NO.: 110
RE: TRIBOCHEMISTRY OF SILICON CARBIDE UNDER OXYGEN PARTIAL
PRESSURE

Authors: J M Martin, T Le Mogne, H Montes and M N Gardos

Dear Sir,

Thank you for submitting your abstract for consideration to
the international Congress on Tribology EURTOTRIB 89.

The Scientific Board of EUROTRIB 89 has found your paper
most interesting and has accepted it for oral presentation at
the congress. The time available for your presentation is
15-20 minutes. The paper will be published in the Congress
Proceedings and special sheets for camera-ready copies with
detailed instructions will be sent you later this year.
Because of the great number of accepted abstracts the length
of the paper is limited to 6 pages (suggested 4 pages of text
and 2 pages for pictures).

Looking forward to welcoming you to EUROTRIB 89 next June.

Yours sincerely,

Kenneth Holmberg

EUROTRIB 89 Manager

X-z.
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I - Survey of h BN friction

Classically, h-BN friction is associated and compared with graphite
friction, because there are some basic similarities in the crystallographic

structure. Both compounds contain low energy shear planes in the (002)
direction (van der Waals interactions). Neverthless, their electronic
structures are quite different as far as valence and conductions bands are
concerned. The mechanisms of h-BN friction are reviewed by TABOR [1], and
are closely related to those of graphite. The main features are the
following :

- friction depends on the orientation of basal planes of the
crystallites in the sliding direction,

- friction depends on the chemical state of the edges of individual
crystallites (dangling bonds, oxides etc...),

- friction depends on the energy of the surface of crystallites
(adsorption of gases...),

- friction depends on the presence of intercalated compounds in the
graphite structure (presence of water, mineral species...).

But the respective role of each phenomenon is not clearly understood
when testing a manufactured specimen.

II - Caracterization of h-BN specimens

h-BN specimens wer- previously analyzed by XPS and EELS (see
rreports Dec. 1987 and Jan. 1988). The results showed that carbon was

present in great quantities in both specimens. Before the friction test,Fand taking into account the role of impurities and the microstructure in
the mechanisms of h-BN friction, we decided to explore in more detail the
two specimens that we have at the moment, namely

- the CVD h-BN plate
- the COMBAT sintered h-BN.

The detection of water was carried out by SIMS and the microstructure
of the CVD sample was investigated by high resolution TEM.

The results are the following :

- Concerning the CVD h-BN sample

BN is not really oriented with the c axis perpendicular to the
external face, the high resolution image (figure 1) shows that (002)
lattice fringes can be easily imaged (c axis parallel to the surface) (when
sampling a flake inside the 2 mm plate). On the other hand, carbon is a
main constituent of the CVD h-BN, and EELS and XPS agree that the atomic
concentration is 20% (see table below).



XPS(1) XPS(2) EELS

B 36 38 50

N 28 33 35

C 26** 22* 15"

0 10 7 not
analyzed

Total 100 100 100

(1) XPS (VG CLAM 100) after etching Ar 3KeV
(2) XPS (SSL) after etching Ar+ 0,5 KeV

Boron is not found in the oxide chemical state
Carbon is predominantly graphitic

Moreover, EELS spectra (figure 2) show that carbon is in an amorphous
form with the sP2 hybridation.

SIMS spectra are presented in figures 3-4.
The presence of carbon is confirmed by peaks C- and C-2 , and the ratio

I. C-/C-2 indicates that carbon is graphitic. Oxygen is also detected (0-) and
also hydrogen (H+ ) but the OH" peak representing water is very weak, so
that the quantity of water can be neglected in our experiment. From these
analytical data, it can be concluded that oxygen (- 10% atomic) is neither
water, nor boron oxide, nor carbon oxide, nor nitrogen oxide. Therefore, we
suggest that gas (oxygen) may be intercalated in the graphitic structure.
When analyzing thin flakes in the TEN. oxygen can escape into the vacuum[and is not detected . Moreover, as the excess of boron is not oxide, it is
also possible that some carbon lies in the graphitic planes close to boron
and nitrogen [2].

SIMS is a very sensitive technique to study impurities and traces.
The main elements that are found are :

L - Ca (Mg and Si are also present) (< 1%)
- Na. K. Li, Cl as traces (< 0.1 %).I
- Concerning the COMBAT hBN specimens

BN is oriented with the c-axis perpendicular to the external face.
Carbon is present in the chemical composition (22 % atomic in XPS, 1 cm2

probed) but it is segregated, because EELS on individual flakes does not
indicate the presence of carbon, but stoechiometric BN. SIMS spectra
(figures 5-6) do not show the presence of water, but show oxygen and carbon
(confirming XPS data) and impurities with Ng and Si are more important than
in CVD hBN.

--- ---



I

XPS EL

B 37 51

N 31 49

C 22

0 9 /

Note Due to argon or gallium bombardment, the surface of hBN specimens
turns to a black colour (figure 7) which is more accentuated for theJCOMBAT hBN. At the moment, we have no explanation of this.

III- Conclusion

The h-BN specimen that we have at the moment is of an extremely
complex nature. Neverthless, the situation can be summarized as follows

-CVD - hEN

, no preferential orientation of crystallites,
* carbon in the graphitic structure (- 20 % atomic),

*oxygen may be intercalated in the structure,
some impurities at a low level (< 1 %).

- COMBAT hBN

BN crystallites are oriented parallel to the surface,
carbon is segregated in the microstructure (- 20 % atomic),

* oxygen as borate (?),

impurities at a low level (< 1).

The next report will concern friction of BN/BN under vacuum.

References

[1] F.P. BOWDEN and D. TABOR, "The friction of lamellar solids" Part II.
Oxford at the Clarendon Press, (1964).

(2] Amy Y. LIU and al, "Atomic arrangement and electronic structure of
BC2N", Applications of intercalation compounds, pp. 136-144, (1988).
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Figure I : High resolution TE4 micrograph of a CVD hBN flake showing (002)
lattice fringes lying perpendicular to the external face.

Figure 2 : EELS spectrum of a CVD hBN flake showing boron and carbon K

edges. Note that carbon is sP2 hibridated in an amorphous form.

A Figure 3 : SIMS spectra of CVD hBN (positive ions).

Figure 4 : SIMS spectra of CVD hBN (negative ions).

Figure 5 : SIMS spectra of COMBAT hBN (positive ions).

Figure 6 : SIMS spectra of COMBAT hBN (negative ions).

Figure 7 : Optical micrographs of the hBN specimens after ion etching
(SIMS).
a) CVD hBN
b) COMBAT hBN
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THE OBTENTION 01' CONTAMINATION FREE AND STOECHIOKETRIC BN SURFACES FROM

COMBAT SPECIMEN

INTRODUCTION

Now, we have received the COMBAT h-BN specimens from SAPHIRWERK
(namely "flat and edge" configurations). To continue our work, we decided
to carry out some preliminary friction tests under UHV, with these new
specimens, and with the same procedure that previously described for the h-
BN/h-BN combination (see report III). Surprisingly, we found lower friction
values, for both configurations, generally inferior to 0.15. Although very
interesting, this result is in disagreement with the friction value
previously obtained under UHV in the same conditions (0.3-0.4) (see report
III). Moreover, we already reported some difficulties to prepare and
characterize COMBAT h-BN surfaces, as far as carbon contamination, presence
of oxygen and boron/nitrogen stoechiometry are concerned. Consequently, we
decided to study in more details the surface of h-BN specimens, dependingL on the cleaning procedure. The reason is that the initial friction value of
the prepared surface is thought to play a key role in the wear process of
the h-BN system and that basically it is necessary to know what is
beginning to slide on what, to have a good interpretation of the data
obtained.

I - ANALYZING STANDARDS BY XPS

Pure h-BN powder, pure boron trioxids (B2 03 ) and boron carbide (4C)
(from Fluka AG) were analyzed by XPS, with the purpose to obtain standard
values for quantitative analysis of boron, nitrogen and oxygen and to
measure chemical shifts of Bls, Nis, Cl, and Ols in their respective
chemical bonding. Our results are given in table 1, where available
literature data are also shown. Generally it appears that standards are of
good quality because XPS peaks (Bls, Nls and Ols) have only one
contribution. At the same time, our data are in excellent agreement with
values already published. Concerning Bls, the binding energy shifts from
186.3 eV for boron carbide to 187.8 eV for elemental boron to 190.3 eV for

9 boron nitride and to 193.4 eV for boron oxide, so that these different
contributions can be easily distinguished in the XPS spectra. Concerning
Cls, the binding energy shifts from 284.2 eV for graphitic carbon [1] to
283 eV for boron carbide and to 284.8 eV for environment contamination
(hydrocarbon) ; here it is more difficult to separate the different
contributions with the equipment at hand.

X-37



BN [1] [2] [3] [6] [4] our
results

Bls 190.3 190.3 190.6 190.2 190.6 190.3

Nls 397.9 398.0 398.3 397.6 398.3 397.9

6(N - B) 207.6 207.5 207.7 207.4 207.7 207.6

B203  [5] [4] [1] our
results

Bls 192.4 193.4 193.1 193.4

Ols 532.6 533 / 533

6(0 -B) 340.2 339.6 / 339.6

B metal [5] [6]

Bls 187,8 187,7

I H3BO3  [5]

Bls 192,8

B4C [6] our
results

Bls 186.3 186,3

Cls 283.0 283.0

6(0 - B) 96.7 96,7

Table 1 Bls, Nls and Ols binding energy (eV) obtained by XPS for
different standards (available data from the literature are also
shown).
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II - OPTIMIZING THE COMBAT h-BN SURFACE CHMDISTRY

II.a) The effect of ion etchink

COMBAT h-BN, grade A, is a polycrystalline material containing boron
trioxide (B203) as a sintering aid (6 % by weight). Table 2 shows the
effect of argon etching at 3 KeV, on the composition of the h-BN surface of
as received specimens (the first supply of COMBAT specimens). It is shown

-a BN stoechiometry deviation, the B/N ration being of 1.5 after
etching, surprisingly, the selective sputtering of nitrogen does not shift
the binding energy of Bls,

-Argon implantation, as shown by the X-ray analysis of the surface
fragments,

- a change in the colour of the h-BN surface, from white opalescent
to tarnished and brown,

- a modification in the carbon chemical form. Sputtering cleaning
does not eliminate carbon from the h-BN surface (13 % atomic), moreover a
change in the Cls binding energy indicates that carbon is graphitized

1 and/or carbide,

- the oxygen content is roughly preserved, under a boron oxide
chemical bonding, but the stoechiometry deviates from B203.

as received after etching

B.E. % atomic B.E. % atomic

, Bls 190.3 24.7 190.3 29.1
191.9 6.2 192.7 6.3

Nls 398.1 25.7 397.8 19.5

Cls 284.65 17.6 283.7 13.5
286.4 5.4
288.1 1.2

Ols 532.1 16.8 532.5 25.1

534.6 1.5

B/N/ 1 / 1.49

Table 2 Btching effect on the COMBAT BN surface binding energy (B.E.)
and atomic concentration.
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II.b) The effect of anmealin

We decided to modify our specimen preparation procedure before
tribotesting the whole set of new COMBAT specimens, with three purposes in
mind:

- eliminate carbon from h-BN surfaces.
- preserve the BN stoechiometry,
- characterize the residual boron oxide from the sintering aid.

The table 3 illustrates the effect of three cleaning sequences on the
characterization of h-BN flat surfaces by XPS

- annealing at 450°C under UHV,
- sputter cleaning with Argon (3 KeV),
- annealing at 450°C under UHV.

After annealing at 450"C, it appears that the carbon content has
disappeared, that the BN stoechiometry is preserved (B/N - 0.9) and that,
in these conditions, the h-BN surface is easily cleaned. When the heat
treated BN surface is sputter cleaned, the carbon appears again, but under
carbide and/or graphitic organization, it seems that boron carbide is also
detected with the Bls XPS peak. Annealing of these sputter cleaned BN
surface does not remove carbon. It is wondering what is the effect of thistreatment on friction ?

The same procedure can be applied to the h-BN pin (flat or edge
S [ configuration) see table 4. The conclusions are the same as far as B, N andC are concerned.

The characterization of oxygen is another problem.

Annealed at 45O*C
in UHV

B.E. % atomic

Bls 190.3 42.4

NIs 397.9 44.2
SCis / /

I- -

Ols 532.8 13.4

B/N / 0.86

Table 4 Analyze of h-BN pin after annealed at 450C
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II.c) XPS analysis of oxygen on the h-BN surfaceI
As we earlier mentionned the Ols XPS signal peaks at 532.3 eV. is

very near from the binding energy of oxygen in pure boron trioxide and
shows only one contribution. Surprisingly. the Bis peak corresponding to B-
0 (EB - 192.4 eV) is practically absent in the XPS spectra, so that the
B203 stoechiometry is never obtained. In the propanol cleaned specimens O/B
ratio is 5.7 and O/B is even more after annealing (the O/B ratio is 1.5 in

B2 0 3 ). At the same time, the literature indicates that annealing at 450°C
has no chemical effect on boron trioxide composition [5].

As we checked by SIMS that water was not present in the h-BN

structure (see report IV), the excess of oxygen was attributed to gas
entrapped in the BN microstructure, but this is in disagreement with the
Ols XPS peak, the binding energy of which corresponding to 0-B bonding. We
can observe twice more oxygen with the old specimens than with the new ones
(see table 5).

as received

November 1987 April 1989

B.E. % atomic B.E. % atomic

Bls (B-N) 190.3 24.7 190.3 35.3
.i (B-O) 191.9 6.2 192.5 1.6

Ols 532.1 16.8 532.2 7.7

B oxided/0 / 0.37 / 0.2

Table 5 Oxygen quantities analyzed in the old and new h-BN COMBAT.

CONCLUSION

The COMBAT h-BN specimen have a complex nature due to the presence of

boron oxide from the sintering aid. It has been observed :

- that the first supply of specimens contain twice more oxygen than
the second one,

-that the boron oxide species do not have the B2 0 3 stoechiometry
(oxygen is largely surstoechiometric),

- that the cleaning procedure does not remove oxygen from the
surface.

It is thought that oxidized species play a key role in the friction
process of BN under vacuum.

Analyzing several cleaning procedure, it has been shown

-that ion etching modifies the BN stoechiometry and changes the
chemical form of carbon contaminant,

- that annealing at 450°C preserves the BN stoechiometry and
eliminates carbon from the surface,

- that etching a heat treated BN surfaces makes carbon to appear as a
bulk contaminant.
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ABSTRACT 1.0 INTRODUJCTION
As part of a high temperature, dry lubricated The need for solid lubricated bearing technology has
bearing tachnology and lubricant system development become increasingly evident with the recent advanced
program, a high-speed and high-temperature turbine engine initiatives which are aimed at
disk-on-disk tribometer was utilixed and a matrix of achieviag a revolutionary improvement by doubling
traction data covering a range of load, speed and propulsion capacity. Attaining this performsne
temperature was obtained. An experimental improvement goal will require the engine bearings to
investigation of powder-lubricated rolling and be subjected to increased temperatures, loads, and
sliding contacts for three types of speeds - a severe operating environment for
tribaparticulates WIlO, TiO2 and ZnilO 2SZ) was bearings of the future. The severity of this
undertaken. The influence of dry triboparticulates environmet precludes the use of current liquid
on the traction coefficients between tiso ceramic lubricants, since bearing temperatures are expected
materials (8i3M4 against itself) wee invtstigated, to exceed 10000F end my reach levels as high as
The most important results of this investigation are 130O6F.
characteristic curves for the traction coefficient
versus the slide/roll ratio with dry powders which It naturally goes without saying that such an
are reminiscent of fluids, and the observation that extreme environment precludes the use of Liquid
dry powder lubricants lower traction coefficients lhbricant and the most common materials such as
and wear. Measured tractions are found to be a VIM-VAR N50 used for aeroengine bearings since their
strong function of powder lubricant type and values practical operating temperatures are limited to
decrease with slide-to-roll ratio and load. The 700-8000F. In Fig. 1, the most important
data show a week sensitivity to temperature.

NOMENCLATURE Contact Pressure vs Applied Load
F, Tractive force in rolling direction
Un Normal load a%-i

H Hart* maximum pressure
NA ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 C Roa"oa speGfloePikMds ) .

"A Notational speed of upper disk (disk 2)

El, 92  Modules of elasticity of disk 1 end
disk 2

RI. R2 Outer radius of disk 1 end disk 2
Rdl, Rc2 Crown radius of disk 1 end disk 2

2 Poisson's Ratio of disk I and disk 21:
Ul :U2 Surface velocity of disk I and disk 2
Iau (U2-U1)/U1 )xlOO - percent slip ratiom

q (FxIWn) - Traction coefficient -
Ta Ambient temperature
RT Room temperature 0 25*C
Kyo Si3 111, Kyoct-r- 4______________i.___ A._____
moo Si3K4, no0-to10r-- 0_
CER Si3lMg, Cercom "pad" improved A-.e La
1628 TLC cornet with No and Ni as a binder

T0 Coefficient of yield shear stroe Fig. I Contact Pressure vs applied load for(threshold) various materials combinations
coefficient of Limiting shear h-i Si SiO.i, S1N /S1 M4 .

Coeffcient of thermal limiting shear
stress characteristics of some potential high temperature

I Angle of slope at maximum traction (dog.) cormet and ceramic materials for rolling element
a2  Angle of slope at stable portion of bearings are compared. As can be seen from the plots

traction curve of Fig. 1, under constant applied loads the computed

Held a Orlando, Fienlds. USA
sponsored by AIAA SAI. and ASM§

Orgasd a&d *ete by Mr. JR. Miner of Prott" Whitney
and Mr. P.W. Center of WRDC/POS.



maximum Hertaian stress varies substantially for a

given material combination. A group of materials
which appears promising for high temperature
bearings is high performance ceramics. Prominent
among them is the hot pressed silicon nitride series -

(known by their tradenames: Kyocera, NID-lO0, Cercom 0
"PAD"), which have been developed during this decade Vo." aM
for high speed and high temperature rolling element .
bearings. Despite their many advantages, there are r
drawbacks with Si3N4 , including high coefficient of e
friction, low tensile strength, low thermal
coefficient of expansion and moderate wear
properties in the absence of lubricant. Thus,
considerable development effort is needed for the
fabrication and application of bearings from these
ceramics.

One potential solution to the temperature problem 
is Li

to use dry triboparticulates (powder lubricants) to
minimize bearing friction and weer and to maximize

heat d ~s~ipation in the bearing's mating Fig. 2 Extreme environment rolling/sliding
surfces . 

The tribology of powder lubrication's traction simulator
central proposition is that provided the particles
are small enough the mechanism and rheodynamics of mm and a crown radius of 14.4 me. The contact
dry powders acting as lubricants are in many ways surfaces of the disks were lapped to achieve 0.51 nm

similar ;o the hydrodynamic action of non-Newtonian or better finish. For the tests, the disks were made
fluids4-'. Thus, en important aspect in the from hot presed Si3N4 (from Kyocera). The design

s• nlication of dry triboparticulate lubrication is methodology and dynamic analysis of this apparatus

the understanding of frictional force developed in is given in Ref. 8.
shearing a powder film in a Hertzian contact. Most

of the experimental data to date have been obtained As shown in Fig. 2, spindle A is rigidly mounted on
from pin-on-disk machines in which the friction the base and is driven by a variable-speed electric

forces are measured in pure sliding. Although these motor through a quill shaft and flywheel. Spindle 8

data are far from complete, they show that in is driven by an integral air turbine. The spindle
general the frictional force increases with the unit is suspended on a soft spring, but is

sliding speed, up to a peak value and beyond this restrained by hydrostatic bearings. These bearings

point an increase in sliding speed causes a decrease operate against a vertical member which is integral

in friction. with the base. The hydrostatic bearings keep the
axes of the two spindles parallel but present

This paper describes an advanced rolling/sliding virtually no resistance to the vertical and small
tribometer designed to obtain traction data under rotational motion of spindle a. In operation, the

high speed, loads and temperatures for both powdered disks are loaded by a pneumatic cylinder that pulls

and non-powdered (dry) conditions. Data are down on spindle B through a load cell. The traction

presented for hot pressed, silicon nitride (Si3) force is measured by a tangential load cell, as
disks (manufactured by Kyocera) The powder shown in Figure 2, view A-A. An insulated oven
lubricants used include nickel oxide, MiD; titanium enclosure surrounds the two disks to control the

dioxide (Ti02 , rutile form); and zinc environment for high-temperature testing. During

oxythiomolybdate, ZNIoO2S2. Surface speeds up to 68 the tests, temperatures were monitored by three
m/s (13,386 ft/in), temperatures from 70 to 1200*F, thermocouples located close to the disks and contact

and slip ratios up to 1002 were investigated, area.
Baseline data were obtained for unlubricated
conditions and using a synthetic liquid lubricant. The system for delivering powder lubricants to the

The results of baseline data correlated well with inlet zone of the contact is based on a conventional
other available da§ 7 for the conditions and reported air brush. A tube from the airbrush nozzle

here and elsewhere
-

. penetrates the oven wall and discharges the dry
air/powder mixture approximately 25 mm from the

The powder-lubricated data are analyzed in various contact zone.
ways, however, the lack of previously published data

in the literature did not allow for comparison. Prior to operation, the suspension spring for

Although the experimental observations presented in spindle B is adjusted so that the disks are
this paper are an extension of considerations and separated from each other by a distance of 90 to 100
theory develoied in an eallier paper by Heashmat, Om with no pressure in the loading cylinder.
Pinkus, Codet and eshmat , the traction data is Spindle A (disk #1) is then accelerated to a
presented here to provide a data base and guidelines preselected speed that is maintained throughout the
for designers to arrive at reasonable estimates Of teat. Spindle B (disk #2) is then accelerated to a
powder lubricant properties under severe conditions speed higher than that of spindle A. The traction
of operation. test is started by applying the load, which brings

the disks into contact, and then shutting off the

2.0 UXPIRIMUNTAL TUP air to the drive turbine. Spindle A subsequently

A schematic of the disk-on-disk Li b-tor ,-e@ fr eosqtq down to a speed lower then that of spindle A.
conducting tests is presented in fig. 2. The lower The sequence of events for each test is carried out

disk, #1, mounted on spindle A, has a plain automatically by a rig control end data acquisition
cylindrical form with a radius of 36 oe. The upper system based on a PC/AT computer. During coastdown,
crowned disk 02 on spindle B has a major radius of 36 the speed and traction force are continuously

+ . .. ... . ... .. ....



monitored and data are stored for subsequent decrease in traction coefficient beyond T, up to a
analysis. During a typical 5- to 6-sec coastdown, limiting value of TT is believed to be Lwe to the
1.5 to 2 megabytes of data are recorded and 250 to temperature rise and other tribological phenomena as
300 data points are subsequently extracted from this is evident from traction behavior of liquid
raw data to produce a traction curve. Some tests lubricants at a higher slip/roll region 16 .

were repeated up to eight times in order to verify
the repeatability of the traction data. The angle of slope at maximum traction, and the

angle of slope of the stable portion of traction are
The triboparticulate size ranged from 0.1 to 10 110 designated by a and Q2, respectively. For
with 99.99% purity for all lubricants. Powder instance, the smeeller the agnitude of Q, the
lubricants including WiO with a light green color higher the stable region of the traction curve is
(particles having spheroid shape), TiO 2 with a tat and vice versa, the greater the Bt2, the higher thecolot in rutile form, and zinc oxythiomolybdate with ratio of traction force over slip velocities. The
a dark orange color (particles of Tie 2 and ZnNoO2S2 traction data are presented here in the following
having irregular shapes with many facets and sharp parametric manner:
edges) were tested. * For each powder lubricant the traction data of

The test load, speed conditions and temperatures constant Wn at IT and at maximum test temperature
were as follows: are presented individually.

* Traction curves are combined for each constant
Wn: t to 15 lbs. test temperature as a function of the applied
Speeds: MA , 150 cps; MB: 150-300 cps load.
Ta: 22C-650eC (gT to 12000F) For the latter case test data points were omitted

from the plots while smooch fitted curves are shown
For the disk material and geometries, the maximum for clarity and comparison.
Hertzian stress as a function of normal load is
given in Fig. I (NBD/KBD curve). 3.1 Tests with NIO

The traction coefficients generated using dry HiO
&.0 TRACTION DATA powder as a lubricant are presented in Figures 3

Traction coefficients it are defined here as the through 8. The values of To and T9 decreased as
measured tractice force divided by applied normal
loa Wn and slip rates are defined as the difference
between the surface velocities (UZ-U1 ). The . KYOCERA 0 1200 "F 5 lbs Lub NLO
traction data are presented in the form of T1.1 vs.
percent slip ratio, ZAU. .

For comparison of relative performance, the traction
curves were fit. Data relevant to the
characteristics of a particular traction curve such .
as T, %, tT and others were boxed in and given I 01 ft I 4'-

With 'the subsequent plots. Where T 0, coefficient of
yield shear stress--a powder is not likely to flow
until the shear exceeds the yield strength of the "
powder file. In addition to T0 a powder file has a
limiting shear strength TL which is related to the
bulk powder property, characteristics, and physical
boundary conditions of the tribosurfaces.

As can be seen from Fig. 3, the traction increases * -
with a moderate slip until the traction coefficient XM - (us - 15)/U *N
increases up to a value of limiting shear, T, then
gradually decreases as slip rate increases. The Fig. 4 n vs ZAU for 111O powder at 650C,

k4 - 22.23I1

KYOCERA 0 RT 5 tbs Lub: NiO applied normal loads increased for all temperatures
except 6000F. However, approximate values of Tremained almost insensitive to the temperature
variation. Also, at higher temperatures the
traction curve approached its peak at a lower value
of slip ratio.

The traction curve beyond To, decreases as AU
increases. The decrease in traction coefficient
beyond T& up to a limiting value of T

T was observed
(temperature effect is noted). As seen from the
plots of Fig. 3 and 4, T T dropped from 0.387 to 0.23
at ZAU equal to 90M.

S.2 Tests with T102
The traction coefficients generated using dry Tie 2
powder as a lubricant are presented in Figures 9

.. . - -through 14. At room temperature T° andl were
. (I5- II/lo * lower than those at higher temperatures. However,

fig. 3 n, vs %4U for 110 powder at RT, Wn- 22.23N at 1200OF the traction curve approaches its peak atF higher value of slip (AU - 15Z and B1  1.77 deg)

_ - 3



KYOCERA 0 RT Lub. NiO KYOCERA 0 12007 Lub: NiO

.0. U. M rpm

OL68 I .02Fa0fy1 
h

20 (2J.. -to% M IU 0

Wn 1 -22.23, 444 and 6672 1 -22.23, 4448ad 6.

The depth of the wear track generated on the test
KYOCERA 0 6007 Lub: NiO disks was insignificant and imeasurable, although~

the surface finish was changed about fourfold over
the original one. The track width was about 47 mils,
1.7 times that of the calculated Hertz half width,

SIM the center portion of the track appeared smooth and
10 lbsglassy while the edges were discolored and showed

deposition and transferred or adhered powder film.
This film of powder which was strongly bonded onto

2 the surface faded outwardly* suggesting a plowing

A action akin to the side flow in liquid lubrication.

U. Tests with Z"M0O2 S2
The traction data using ZnMoO2S2 powder at roomA Slb . .04i IN- MO temperature is given in Fig. 15 and at 1050*F is

41,3 ft:given in Fig. 16 for a constant load of 5 lbs. At
room temperature T was higher than that at a high
temperature of 1050OF, although Tt and tT~ were lower

XW -(112 - WI/Il - 10c than those at higher temperatures. However, at RT
the traction curve approaches its peak at a lower

Fig. 6 Traction data for NiO powder at 316%; value of slip (Zhu - 102 and al 1.40), while at
Wn - 22.23, 44.48 and 66.72N 10500*F the corresponding slip value was 12% and its

____________________________a__I__. 1.2 dog.

KYOCERA 0 8007 Lub: NiO I The traction data at PT is given in Fig. 17 for
-various contact loads. Figure 17 shows a

progressive decrease in the TLwith an increase in

KYOCERA 0 RT 5 lbs Lub. TiO2

Ca. asI.

Fig. 7 Traction data for Nib powder at 427%; I a f.:
Wn - 22.23, 44.48 and 66. 72N

while at room temperature the corresponding slip SAIJ (111 - UIU 100

values were 101 and its C1& 3.5 dog. (Figs. 9 and Fg ,v A o i odra T n 2-3
10). Fg 9 vs2 fo Ti 2 pwe tPU 221



-~~~KYCR KYCR 800 1200 TF5 biLb02~~~KYOCERA 0 0005Fb Lub: TiO2

10 1ks

11:.45 ft0080 U,. 000 W

IV- 084 -W so 20

2 *(IM - 1I)/It tO MeJ - (UZ - 1()/Ul tO10

Fig. 10 ~ Ufor T'0 2 powder at 650*C, Fig. 13 Traction data for Ti0, powder at 427*C;
-22.2Z3N Wn - 22.23, 44.48 and'66.72N

KYOCERA 0 Ri' Lub: TiO2  KYOCERA 0 12OO'*' Lub TiO2

.2 .10lb
15Th

r8l b.000 .:a . +06U:90

Fig. 11 Traction data for T1O2 powder at RT; Fig. 14 Traction data for TiO 2 powder at 650*C;
W- 22.23. 44.46 and 66.72N Wn - 22.23, 44.48 and 66.72N

KYOCERA 0 8007 Lub. TiO 2  KYOCERA 0 RT 5 lbs Lub. ZntMO02 S2

ZII

A a44 01 .0.00 %,* 9000 r"
It* 0.14 ft- n4InN.%

0.16 ft. I

IW - (In -su -(1U too XW - (Us - 1(1)/Ut * 00

Fig. 12 Traction data for 1102 powder at 316%; Fig' 15 vs %A.U for EnMO 2S2 Powder at RT,
Wn - 22.23, 44./.8 and 66.72N ~ 22.23N



KYOCERA @ 1050 "F 5 lbs Lub: ZnMoO2 S2  KYOCERA @ 800"F Lub: ZnMoO2 S2

+ 2:0 - (t2 - 01)/SI " 100

P8 6 vs%6U for Zn~oO2S 2 powder at 566°C; Fig. 18 Traction data for Zn~oO S_ powder at 427°C;
F Wg 1 -S22.23N Wn - 22.23, 44.4'8 and 6.2

3.4 Unlubricatd (Dry) Tests
KYOCERA 0 R1T Lub: Zn~oO2 S2  To provide a baseline for assesaing the advantages

• m of powder lubricants, tests were carried out with no
5 ;btinsertion of lubricant into the contact. This test

i __lt~lwas conducted with three different types Of Si3N4

to ;bJmaterials. A sample result at 1200°F is shown in
Fig. 20. The dry traction curves showed no change in

~traction performatnce with load or temperatures. The
~traction curves closely resemble friction curves

/ i that one might expect from a pin-on-disk apparatus./ As can be seen from the plots of Fig. 20. traction
'= data with TiO 2  wre also plotted for comparison.

With the contact load of 160 ksi the traction
.... ..,05 U,- m~oo ,mm coefficient approached a value of approximstely 0.9

.o~e .s lee at ? Au 4 10?, and the I T has risen to approximately

.93 at 60% slip ratio as shown in Fig. 20. These
". * .. ., - , ; values of maximum traction coefficients (about 0.9)

*~u (us- 53)/u!- £oo correlate well with the static coefficient of

Fig. 17 Traction data for ZnHoOTS 7 powder at RT;KYCR 0 OOF Lb Z ozS
Wn - 22.23, 44.48 and 66.72NKOCR @ 15" ub 2 oOS

load. The same holds for the traction data at 800T

and 1050"F given in Figs. 18 and 19, with the 1 bexception at 800F T for .0 lb, which has about

the sme value as t 5 b. Worthy of note,800F relative to RT and 1050F data. In almost all r

cases the owas about xero within the tolerances of /
the experinental data, which is reminiscent of a A /'- / -

liquid lubricant's behavior. The limiting stresses ""
Fig were also about 0o less han those meatured with F 1a-
O and TiO 2. At higher temperature, 2F and4 . a

contact stresses beyond 125 ksi, the traction curves ,u, - r

began to flatten or rise as slip was increased. This pro ide b.a for a
phenomena is anala oun to that of filo rupture in no_, ___ __ _ ._ _ _ _ _ _

liquid lubricants. The appearance of the contact i t
surfaces was similar to that from the TiO 2 tests. ype - )/uI • ,

Overall the traction curves with dry ZnNo02S2 are Fig. 19 Traction data for ZnHo0S powder at 566cC

reminiscent of Iio* lubricants. However, the Un - 22.23, 44,48 and 66.72N
review of literaturepf a on liquid lubricant traction
curves hows a decrease in I1 beyond the slip ratio friction reported elsewhere for Si3 4 materials. In
of 20%, which is mainly due to thermal effects, comparison with powder lubricated tests the results
while the traction curve for ZnIoO2S2 begins to of the dry condition shoed the highest values of
flatten or slightly rais- rather than drop off. at 0 and p2 and wear depth.

vti



unlubricated data, the powder reduces the traction

Traction Coef of Dry & Powder Lubricated S13 N coefficients over a wide span of slip ratios. Its
H, 160 ksi. U, % 5.000 rpm 0 1200" F effect on lowering the effective contact shear

stress, T was about 50% relative to the
unlubricated case.

------ V •The traction characteristics of the ZnHoO2S2
powder were quite different compared to the ViO

" Unlubricated and TiO2 powders. The ZrNoO2S2 powder gave zero
threshold shear stress and low traction
coefficients under all test conditions. Overall

S Ti2 Powder the behavior of this powder and the magnitude of
I the traction coefficients were very similar to

o1 those seen with liquid lubricants.
* The persistent presence of powder buildup on the

outsides of the contact region suggests the
- -- occurrence of side leakage of the power lubricant,

U, analogous to the sideflow in liquid ED.
• Due to the short duration of each test, the amount

--6 . 6. of wear that took place on the disks was too small
X5J (11 - U)/Ul • 00 .3 to measure accurately. Therefore, the data

reported should only be used to compare the
Fig. 20 Traction data for unlubricated and powder traction characteristics of the powder lubricants

T102 lubricated Si3N4 materials at 650*C, with the chosen combination of disk materials.
Wn - 44.48N

4.0 OUASI-HYDROOYNAMIC MODEL VI ZV2
The results of all powder lubricated series of "-
experiments indicate that the mechanism of powder surf,
flow seems to follow some of the basic features of
hydrodynamic lubrication by exhibiting a layer-like
shear, reminiscent of fluids. This shear is deemed 

i

responsible for the reduction in traction
coefficients and wear that accompanies the presence _

of debris between interacting surfaces. The nature
of the sheared flow causes the least possible
discontinuity between the various lamine of the U,

powder bed. Thus, the basic feature of the 0(fi)
quasi-hydrodynamic model is a layered flow of the Powder |nertfmdate
powder bed, as portrayed in Fig. 21. While powder Lubricant Film
lubricants are similar to fluids, they do have some Film
unique features, as discussed below. /

U24.1 Intermediate Film " ... - " :' .

It has been postulated and is so shown in the model.
of Fig. 21 that an intermediate film, a form of _2

boundary layer, is created between the interacting -

surfaces and the lubricant film under powder
lubrication conditions. An accommodation of a
velocities occurs across the intermediate film,
between the velocities of the two surfaces (V1 and
V2 ) and the edge velocities of the lubricant film
(U1 and U2 ). The thickness of the intermediate
films correspond to the surface roughness (61 and
62) of the respective mating material.

The tests conducted under this program clarifies and
amplifies the mechanism of formation of these
intermediate films. The result of prolonged - IO(61)

exposure to powder lubrication is the formation of ------
this adhesive film, which consists of the powder U,
lubricant or of one of its components, either in
pure form or in some chemically altered state, very
likely an oxide. Thus, the tribologicatl film formed
in powder lubrication resembles the form portrayed
schematically in Fig. 21. The intermediate layer,
made up of the adhered powder, has the flexibility U2
of behaving either as a solid or as a semi-powder in .. . .
which considerable creep occurs. This creep makes Q-W- V2
the accommodation of flow velocities from VI and V2
to Ul and U2 possible.

S.0 CONCLUSIONS

The iO and TiO 2 triboparticulates changed the Fig. 21 Quasi-Hydrodynamic model for powder
shapes of the traction curves. Compared with the lubrication

Y-



Since the traction in solid lubrication is mosu
likely a function of both the disk materials and
the powder lubricant, care must be taken about
generalizing thesedata to predicting the behavior
of the same lubricants with ocher disc materials.
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1. INTRODUCTION

In the scope of Hughes Aircraft Company's Purchase Order Nr S 9-507875-SRV
of 19 November 1987, CSEM has deposited, then chemically and microstructu-
rally characterized, and finally friction-tested Ti02 . coatings. The
oxide coatings were deposited on CVD-TiC coated AISI 440C steel
substrates, by various techniques, detailed under 2.2.

Two series of samples have been prepared :

- for the first series (lots 1, 2 and 3), some of the AISI 440C discs were
NOT CVD-TiC coated, prior to the Ti02 . treatments;

- for the second series (lots 3, 4 and 5), CVD-TiC coated AISI 440C discs
were used as planned.

This report contains the "partial characterization" of lots 1-3 and the
"complete characterization", according to the Work Statement,-of lots
4-6.

2. VORK STATEMENT

Hereafter is the Vork Statement as mentioned in the P.O.

2.1 TASK 1 : 'Specimen Preparation"

Preparation of 20 ea., 20 mm diam., 5 mm thick, approx. 5 um CVD-TiC
coated AISI 440C steel discs; one side of the CVD-TIC coated discs is to
be polished to 0.1 um cla.

These polished CVD-TiC coated discs will serve as substrates for the
subsequent TiO2.. layers prepared in various ways described in TASK 2.

2.2 TASK 2 : "Coating of samples vith TiO2 _. layers"

Production of adherent Ti 2 _.3 layers of different chemistry and crystal
structure, in three different ways

- H20 vapor oxidation of the TiC substrate at elevated temperatures to
produce a thick "native oxide" on the TiC surface (treatment 1),

- conventional CVD - Ti02. (treatment 2),

- conventional CVD - TiO_.3 and a high temperature oxidation of the TiO 2 _.
coating (treatment 3).

The Ti 2... coatings shall be between 1 and 3 um thick, depending on the

2.3 TASK 3 : "Characterization of the TiO_. coating"

The following physical, chemical and tribological properties will be
determined:

- crystal structure, texture and internal stresses by X-ray diffraction,

- morphology and microstructure by SE,

2-4
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- chemical composition by microprobe,

- microhardness by Vickers indentation,

- coating adhesion by scratch-testing,

- friction and wear characterization by pin-on-disc tribometry performed
in both dry and humid air test-environments, at room temperature, and

- thickness.

3. FIRST SERIES OF SAMPLES : LOTS 1, 2 AND 3

The AISI 440C discs vere NOT all CVD-TiC coated prior to the T'02.
treatments. Due to the poor quality of some of these "TiO2 _." coatings,
these samples were only partially characterized. Hereafter follows a
summary of the work performed on samples originating from lots 1, 2 and 3.

(
The three different sample lots are defined as follows :

Lot 1 : H.O-vapor oxidation of CVD-TiC coated AISI 440C discs at 900' C
during 1 hour;

Lot 2 : Conventional CVD - Ti02_, process, on AISI 440C discs with NO
CVD-TiC coating prior to the Ti02_, treatment;

Lot 3 : The same treatment as Lot 2 with an additional high temperature
(8000 C during 1 hour) IPO (ISOPROPANOL) oxidation of the
CVD-TiO2 _. coating.

3.1 Crystal structure (XRD)

Lot 1 : rutile structure with weak TiC-peaks

Lot 2 : anatase structure

Lot 3 : rutile structure with weak steel-peaks

3.2 Hetallographie examination

Lot 1 : - coating thickness : approx. 13 um,
- poor adhesion as shown by coating spalling,
- Figure 1 : micrographs.

Lot 2 : - coating thickness : 3 to 6 um,
- dense, apparently well adherent coating
- Figure 2 : micrograph.

Lot 3 : - coating thickness : 3 to 5 um,
- apparently "double" layer, created during the high temperature

oxidation perhaps by C-diffusion from the substrate and partial
reduction of the oxide layer,

- Figure 3 : micrograph
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26611 500 x

Fig. 1 Hetallographic viev of the H20-vapor oxidized
CVD-TiC coated AISI 440C steel discs (Lot 1).

26613 500 x

Fig. 2 Hetallographic viev of the conventional CVD-Ti02 _.
coating (Lot 2)

Ir

I:. . w,"

26617 500 x

Fig. 3 Metallographic viev of the high temperature oxidized
CVD-Ti02_ , coating (Lot 3)
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3.3 Tribometry with the C.S.E.M. pin-on-disc TRIBOE ETER

The test conditions were as follows

pin : 6 mm diam. AISI 52100 steel GRADE 3ball (non rotating)

load : 5 N
sliding speed : 0.1 m/s
relative humidity : 992 or less than 1Z

The data are presented as :

- the coefficient of friction (p) as a function of time; this gives the
lifetime of the lubricant, in revolutions up to a friction coefficient
of 0.3,

- the wear rate of the contacting partners.

A summary of the tribology results is presented in Table 1. The friction
coefficients are relatively high, especially in dry air. The different
Ti0 2O . types have different year resistances t Lots 1 and 3 have a high
wear rate in dry air, while Lot 2 does not wear in dry air, because
materiel transfer from the ball to the disc occurs. In all cases transfer
from the ball to the disc occurs in humid air; this produces a
"lubrication" by the oxidation of the steel transfered on the disc.

TABLE 1 : Friction and wear data obtained on samples from Lots 1, 2 and 3
in both humid and dry-air environments at room temperature.

RH Lot Frict. Coeff. (p) Revs Disc wear rate Ball wear rate
2 # start average P <0.3 10-15 m2/N 10- IS m2/N

99 1 0.17 0.50 1600 dep.* 7.2
99 2 0.16 0.46 1400 dep.* 5.3
99 3 0.17 0.47 1300 dep.* 6.1

<1 1 0.31 0.80 3 2270 26
<1 2 0.32 1.05 13 dep.* 62
<1 3 0.39 0.90 14 284 33

* dep. - material transfer from the ball to the disc's surface.

3.4 Adhesion control by Scratch-testing

A CSEN Automatic-Scratch tester with a 200 Pm radius diamond indenter
(type Rockwell C) was used. The following scratching conditions were
applied :

- loading rate : dL/dt - 100 N/min

- sliding speed: dx/dt - 10 mm/min
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The coating adhesion is evaluated by the critical load (L.), which is the
lowest load at which the coating is damaged by either adhesive or cohesive
failure.

The following values for the critical load "Lc" were obtained

Lot1 : L, <6N

Lot 2 : Lc - 20-22 N

Lot 3 : Le < 6 N

The adhesion data, by the scratch test, are in agreement with the
metallographical observation, i.e. a poor adhesion of the TiO 2 _. layer for
Lots 1 and 3, and a better adhesion for Lot 2.

3.5 Conclusions

The characterization (adhesion, tribology, metallography, XRD crystal
structure) shows that a rutile layer has a different mechanical behaviour
as compared to a anatase layer; the rutile layer has a poorer adhesion and
a larger wear rate in dry air.

Because of wrong sample preparation, as mentioned under 3, the characte-
rization of these Ti0 2. layers (Lots 1, 2 and 3) were stopped at this
point.

4. SECOND SERIES OF SAMPLES : LOTS 4, 5 AND 6

4.1 Specimen preparation

Twenty AISI 440C steel discs were "one-side" mechanically polished on
paper with diamond paste. These discs were then coated with a 5 Um thick
CVD-TiC layer. After repolishing, the average surface roughness of the TIC
layer is 0.16 pm cla.

4.2 Coating of samples vith TiO 2_. layers

TiO2 -. layers were deposited on the CVD-TiC coated steel substrates by
three different techniques, presented in Figure 4, and detailed below.

The 3 different techniques are as follows

- a H20 vapor oxidation of TiC to Ti0 2. at 850 0C during 30 minutes (Lot
4)

- CVD-TiO.. (Lot 5)
- a IPO (isopropanol) oxidation of the CVD-Ti02 _ coating, at 8000 C
during one hour (Lot 6).
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20 aamplea

CVD -TiC 2 samples

Lot 4 vao xdto 6 samuplesrof TiC 6sale

lot 5 6 samples

IPO - oxidation
lot 6 CVD - Ti02_x layers 6 samples

Fig. . 1 Schematic viev of the production of TiO2 . layers,
and the number of samples used for each technique.

4.3 Physical characterizations

4.3.1 Crystal structure (lRD)

The X-ray diffraction patterns of the three sample types presented peaks
of TiO. rutile. There vere, hovever, important differences betveen them:

- the relative intensities of the peaks are different,

- the angular positions and the reticular distances vary little,
slov recording of the important peaks gave more precise
information.

Lot 4

Many peaks of lov intensity could not be identified, others could be
attributed to the steel substrate (very veak Ti.0 peaks). A strong
preferential orientation of (002) type vas observed.

Z_9
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Lot 5

The rutile peaks here all of lower intensity than for Lot 4. The two
most intense peaks are not of rutile; they correspond to anatase and are
of average intensity in an isotropic sample (data JCPDS). A few other
peaks of anatase are present with lover intensity; other weak peaks
correspond to the steel substrate. The samples of Lot 5 consist of a
mixture of rutile and anatase :

- rutile has a (002)-type texture,
- anatase has a (220)-type texture.

Lot 6 :

The diffraction patterns for these samples are more defined than the
previous ones. They show essentialy rutile peaks, and some very low
intensitiy peaks and which can be attributed to the steel substrate.
The texture is a mixture of the (002)- and (110)- types.

4.3.2 Internal stresses

Difficulties were encountered for the internal stress measurements due
to the low intensities of the peaks at high diffraction angles. Figures
5 a), b) and c) show, for respectively lot 4, 5 and 6 the lattice
parameter "a" versus sin 2* . The stresses which were deduced, are

Lot 4 : a = - 916 HPa (compression)

Lot 5 : a = + 1786 MPa (traction)

Lot 6 : a - - 2889 HPa (compression)

The internal stress values obtained with Lot 5 are questionable due to
the discontinuity of the lattice parameter plot in Figure 5b); nearby
anatase peaks might disturb the measurement.
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4.4 Chemical characterization

Figures 6 and 7 show the 0, Ti, C and Fe concentration proftis for
respectively the original CVD-TiC coated substrate and Lots 4, 5 and 6, a
first diagram shows the 0, Ti, C and Fe profiles; a second one, gives the
0 and C profiles again, but on another scale. For all the analysed
samples, the added concentrations are lower than lOO in both the
substrate and the coating :

- in the substrate, the Cr content (17 Z) could explain this difference.

- on the contrary, in the Ti02. layers or in the TIC substrate is lover
than in the Cr-content the steel substrate, as shows fig. 8.
Even If, we include the chromium content for the layers, In the
concentration profil, the total content does not reach 1OOX.

The quantitative analysis data can be used to express the atomic O/Ti
ratio; for the stoechiometric enmpnition the ratio is 2.

Lot 4: O/Ti - 2

According to the TiO-Ti phase diagram, there should be TiO.-rutile
(water-vapor deposition at 850*C). The x-ray diffraction analysis shows
rutile and very weak T1203 peaks. It Is not understood why; the presence
of C must be at least one reason.

Lot 5: O/Ti ~ 1,8

According to the TiO2-Ti diagram, there should be mainly TiO 2-anatase
(CVD-Ti02_, at 380*C). The x-ray diffraction shows T10 2 . (mainly
rutile, little anatase and traces of Tt203 ). Again, it is believed that
C in the coating influences its microstructure.

Lot 6: O/Ti - 1.8

According to the TiO2 -Ti diagram, these should be Ti02-rutile and
anatase (TiO2-1 oxidation at 800*C). The X-ray diffraction shows TiO,_2
only rutile.
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(a)

Weight %

100

so

Substrate 060 
Ti"II

Coating 
-e

Total

20

0
0 10M

Weight %
20

Substrate
10

Coating

0
0 10 JLn

Fig. 6 The 0, Ti, Fe and C concentration profiles, through the
interface for (a) the original CVD-TiC coated sample, Lot 4.
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(b)
Weight %

100

so

Coating 0-4--
60 * Ti

v 4 Substrate ____

0 ... . .. F-

- -Total

20
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0 10 20 M

Piz. 6 The 0, Ti, Fe and C concentration profiles, through the

interface for (b) the original CVD-TiC coated sample, Lot 4 .
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(a)

Weight %
100 . .

80
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Substrate T
C

4 0 F e
Total

20

0 10 20 30 pm

Weight %
40

l00

30 L~
Substrate

20

10 C oa t ing

0
0 10 20 30 JIm

Fix. 7 The 0, Ti, Fe and C concentration profiles, through the

interface for (a) Lot 5.
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Fig. 7 :The 0, Ti, Fe and C concentration profiles, through the
interface for (b) Lot 6.
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B 27907
(a)
800 x

B 27908

B 27909
(c)
800 x

*~~~~ ,';~ 27906

Fig. 8 1 Cr-X-ray image for sections through
respectively (a) the original CYD-TiC
eoatod sample, (b) Lo0t 4, (c) Lot 5
and (d) Lot 6. 2 1
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4.5 Tribometry vith the CSEN pin-on-dise TRIBOMErER

The test conditions are as follovs

pin : 6 mm diam. AISI 52100 steel GRADE 3 ball (non rotating)
load : 5 N
sliding speed : 0.1 M/s
relative humidity : 99% or less than 1Z

The data are presented as :

- the friction coefficient (U)as a function of time; this gives the
lifetime of the lubricant, in revolutions up to a friction coefficient
of 0.3.

- the year rate of the contacting partners.

Tvo friction tests vere performed on each sample under one set of
conditions.

The obtained data are summarized in Table 2 and compared in Figures 9a)
and 9b). These results shov that
- the friction coefficients are relatively high, especially in dry air

(up to 0.5)
- the number of revolutions until P reaches 0.3 is rather small (typically
< 700)

- in humid air, oxidized ball-wear debris "lubricates" the contact without
adhesive wear; therefore the total wear rate is very similar from one
coating to another : - 6.1 * 10-1s m2/N (see fig. 9a)

- in dry air, the Ti02 _ top layer for Lots 5 and 6, shov a lover wear
rate than the oxidized TIC alone (Lot 4) (see fig. 9b)

TABLE 2 : Friction and vear data obtained on samples from lots 4, 5 and 6
in both humid and dry air environments at room temperature
(average of tvo tests)

RH Lot Frict. Coeff. (u) Revs Disc wear rate Ball wear rate
% start average v <0.3 10-15 m2 /N 10-15 m2/N

99 4 0.35 0.42 250 dep.* 6.4
99 5 0.27 0.65 490 dep.* 6.1
99 6 0.27 0.43 700 dep.* 6.1

<1 4 0.27 0.50 18 162 63
<1 5 0.23 0.52 40 dep.* 60
<1 6 0.25 0.52 166 dep.* 55

*dep. - material transfer from the ball to the disc.

2- 18
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10 • IM

Lat 93t 'attS
21

Type of sCoting

a)

200' wI 2a ts

too-to~
20

Lt I Let a L3 3

type of oating

b)
fit. 9 Total vear rate in (a) humid and (b) dry air

for pin-on-disc tests vith a AIS 52100 steel
ball on the 3 different TiOZ-a coating types.

4.6 Ketallographic examination

The metallographical sections through the coated samples provide Informa-
tion on the coating thicknesses and general aspects.

- CVD-TiC coated AISI 440C discs

- coating thickness : 5 us
- adhesion t apparently good
- figure 10a s micrographs

- Lot 4 s

- during the 8 20-vapor oxidation the coating-volume Increased
- coating thickness : oxidized CVD-TiC 10-11 um
- dense and apparently veil adherent coating
- figure lOb t micrographs
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26690 (a) 500 x

26715 (b) 500 x

Fig. 10 Metallographic views of respectively
(a) a CVD-TiC coated AISI 440C steel disc and
(b) after H20-vapor oxidation (Lot 4)

-Lot 5:

- coating thickness -oxidized CVD-TiC - 10 jPm

-CVD-Ti0 2-, - 5 Oim
- dense and apparently veil adherent coating
- appears more compact than layer of Lot 4
- figure 11a :micrographs

-Lot 6:

- coating thickness :- oxidized TiC - 10 Pmn
- CVD-TiO 2  -5 Pam

- coating has same general aspect as that of Lot 5
- regularly there are cracks perpendicular to the surface

through the coatings
- figure l1b micrographs

Z 20
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26697 (a) 500 x

26698 (b) 500 x

Fig. 11 : Metallographic views of respectively
(a) a CVD-TiO 2_= sample (Lot 5) and
(b) an IPO-oxidized CVD-TiO 2_- sample (Lot 6)

4.7 Adhesion Control by scratch testing

A CSEM Automatic Scratch Tester with a 200 um radius diamond indenter(type Rockwell C) was used. The following scratching conditions were
applied :
- loading rate dL/dt - 100 N/min
- sliding speed dx/6t - 10 mm/min

The coating adhesion is evaluated by its critical load (L.), which is thelowest load at which the coating is damaged by either adhesive or cohesive
failure.

The critical-load data are given in Table 3.
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Additional adhesion information can be obtained by electron- and optical
microscopy and by X-ray imaging of damaged areas. Figures 12, 13, 14 and
15 shov electron micrograph and X-ray image of damaged zones at the
critical load, for respectively the CVD-TiC coated AISI 440C sample, and
samples of Lots 4, 5 and 6.

B 27830 (a) SEN 200 x

B 27831 (b) X-ray Image "Fe" 200 x

Fig. 12 SEN and X-ray (Fe) images of scratch-tested
CVD-TiC coated AISI 440C steel disc; the SEN
view shows the coating damage at L. and the
Fe X-ray image shows the underlying substrate.
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TABLE 3 : Critical loads "L." obtained on the CVD-TIC coated discs and

on samples of Lots 4, 5 and 6.

Lc [NJ

Sample type test 1 test 2 test 3

CVD-TiC 17 16 17
Lot 4 15 18 16
Lot 5 8 10 10
Lot 6 16 16 15

B 27828 SEN 200 x

Fig. 13 SEN image of scratch-tested oxidized CVD-TiC
sample (Lot 4); the SEM view shows the coating
damage at L,:.
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B 27824 (a) SElf 200 x

B 27825 (b) X-ray Image "Fe" 200 x

Fig. 14 SEN and X-ray Image (Fe) of Scratch-tested
CVD-Ti02-. sample (Lot 5); the SEM view shows
the coating damage at L, and the Fe X-ray image
shows tne underlying substrate.
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B 27821 (a) SEN 200 x

B 27820 (b) X-ray Image "Fe" 200 x

Fig. 15 SEN and X-ray (Fe) image of scratch-tested oxi-
dized CVD-TiO2_ x sample (Lot 6); the SEN view
shows the coating damage at LC and the Fe
X-ray image shows the underlying steel substrate.
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Lot 5

The of adhesion data and the different illustrations previously mentioned
confirm the poor adhesion of the CVD-T10 2_, coating (Lot 5) vhich leads to
"flaking" (adhesive failure). In the other cases (Lots 4 and 6) mixed
adhesive-cohesive failures are observed.

4.8 Nicrohardness

4.8.1 Substrate

The AISI 440C steel substrate of all tested samples had a Vickers
hardness of 2300 MPa (under 1 kg).

4.8.2 Coatings and interfaces (cross section)

The CSEM Ultra microhardness tester vas used to produce "torce-
penetration depth", graphs vith a maximum load of 1 g (Vickers
diamond). Figures 16 a, b and c present graphically the "under-load"
hardnesses of the Ti02 _ coatings against distance across the
interface region.

For comparison purposes the coating-interface vas chosen at 10 Pm on
all graphs of figure 16.

On each of the three graphs shorn in figure 16, there is a peak
value (betveen 12'000 and 16'000 NPa) in the "under-load" hardness
at approxim. 10 um. This value is believed to correspond to the
Cr-carbide layer vhich is present at the CVD-TIC layer and the
substrate. This Cr-carbide layer comes from the TiC-CVD process in
vhich a "flash" of Cr is deposited before TiC. The Cr transforms
into carbide vith carbon from the substrate and this carbide
contributes favorably to the coating adhesion and toughness.
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20000 . - (a).

coating
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20000 . . . . b

S- *LotS

15000 coating

substrate
10000 0

S 000

O ~ 0 * 0 01 5000 a0

0 10 20 30

Distance (pa)

;eOOO0 ' , ,C) . , ,
20000 (c

15000 coatingC 0
4 •substrate

3 1000 0

0

O 10 20 30

Distance (Pal

Fig. 16 "Under-load' hardness profiles under a aaximal 2'27

load of 1 g through the interface for (a) Lot 4,

(b) Lot 5 and (c) Lot 6
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Lot 4

The "under-load" hardness seems to be homogeneous throughout the approx.
10 Um of the coating (see figure 16 a).

Lot 5 :

The average "under-load" hardness is slightly higher here than that of
sample from Lot 4. The data are also less homogeneous (see figure 16 b).

Lot 6 :

The "under-load" hardness of the top coating-layer (oxidized CVD TiO 2 _.),
is definitely higher than the underlying Ti0 2 -x coating (see figure 16 c).

The "under-load" hardness data of the three Ti02. coating types are
summarized in Table 4.

TABLE 4 : Summary of the average "under-load" hardness values (under a
maximum load of 1 g) for the three different Tio 2 _. coating
types.

"Under-load" hardness IMPaI
Lot number

oxidized CVD-TiC CVD-Ti02-x oxidized CVD-TiO2-x

Lot 4 5170 ....
Lot 5 6985 9250 --
Lot 6 6860 -- 17020

A SEM-micrograph of the sample used to produce the "under-load" hardness
diagram against distance given in figure 16 c, Is shown in figure 17. The
indentations are clearly visible in the steel substrate but become diffi-
cult to distinguish in the Cr-carbide region and in the Ti02. top layers.

B 27911-12 2500 x

Fig. 17 : SEN viev of "under-load:' hardness Indentations (Vickers
diamond under 1g) on the sample of Lot 6 (corresponding
to graph of Figure 16 c)
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4.8.3 Coatings (surface)

Microhardness measurements vere made, using both a conventional
Leitz microhardness tester and the CSEM Ultramicrohardness tester.
Vickers diamonds were used for both types of hardness determina-
tions. For the "Leltz" hardness tester, the Indentations vire made
on the coated surface; and for the "CSEM" one, they were performed
on a perpendicular section to the surface on the TiO 2-. top coating
(see figure 18).

The data obtained on the three TiO 2.3 coating types are presented in
Table 5.

with with
the "LgITZ" Hardness the "CSZM" Ultramicrohardness

tester tester

Vickers
indenter

Sq'- -"coating

substrate

Fig. 18 : Schematic view of how the microhardness indentations were
were made.

TABLE 5 : Vickers microhardness data obtained vith the "Leitz"
microhardness tester and the "CSEN" ultrahardness tester,
on the three different TiO 2_. coating types.

Lot "Leitz" microhardness "CSEN" microhardness
# [HPa] under 10 g [MPa] under I g

4 4000 6300
5 4200 79006 6050 20150

The conventional "Leitz" microhardness values are certainly
influenced by the *soft" steel substrate. The data are in between
the hardness values of the substrate (EV - 2300 HPa) and of the
coatings (- UV > 6000 KPa)
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The "CSEM" ultramicrohardness values are In agreement with the
values given in Table 4. The influence of the "soft" substrate is no
longer felt.

5. CONCLUSION

The folloving table gives a summmary of the physical, chemical and
mechanical characterizations of the 3 Ti2o,- layer types (Lots 4 to 6).

Crystal structure a [KPaJ Lc (NJ HV [MPal

Lot 4 rutile (002) ± -916 16 6300

rutile (002) -

Lot 5 +1786 9 7900
anatase(220) +

Lot 6 rutile + -2889 16 20150
(002)+(110)

The sign in the crysal structure column indicates the relative intensity
of the rutile or anatase peak.

The tribological properties of the tested coatings are such that, at least
at room temperature, these coatings cannot be qualified as "self
lubricating", especially in dry-air environment. However, the T 2 .
layers do increase the wear-resistance of the coated components.
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I. INTRODUCTION

In the scope of the Hughes Aircraft Comp. (BAC) Purchase Order No S9-
318804-SAC, CSI' 13 to generate in-situ TiO._, rutile layers on CVD-TiC-
coated AISI 440C steel specimens by a technique established under a pre-
vious HAC Purchase Order No S9-507875-SRV. The rutile layers are formed
under conditions vith different oxidation potentials to produce partial-
ly reduced rutile coatings.
Seven different oxidation surface treatments have been performed. The
obtained coatings vere characterised for thickness, microstructure,
stoechiometry, adhesion and tribological properties.

2. SAMPLE PREPARATION

- The AISI 440C steel samples vere disk shaped : 9 25 m, h 5 ma. The
surface was ground and polished prior to the TIC CVD coating (Ra -

0.09 us).

- The CVD TIC treatment vas performed in an equipment as shown in figure
1; the approximately 8 us thick coating vas obtained at 1000"C during
a 4 to 5 hour treatment. Figure 2 shovs a metallographic section of a
TIC coated AISI 440C sample.

FURAwCE-OF-
Figure I Schematic of the CVD equipment used for the TiC coatingr of

the AISI 440C steel samples

3. TIC-OXIDATION TREATMENT

Seven different oxidation treatments vere used, to produce Ti-oxide
coatings of different stoechioetries.
All 7 treatments vere performed in the same equipment; the appratus is
presented schematically in figure 3. The different oxidation treinents
Svre as follovs o

All7 teatent wre erfrme -i the sa equipmn; h appaatu is a ~



Figure 2 Micrograph of TiC c atod AISI 440C steel sample
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T 102 : atmoshpere : B0-Vapor

concentration 100 %

temperature 8000C

pressure normal

duration 60'

T 103 : atmoshpere IPO (IPO a ISOPROPANOL)

carrier gas for IPO N2 (8 IPO)

temperature : 8009C

pressure : 50 Torr

duration 60'

T 104 : atmoshpere IPO + H2

carrier gas for IPO N2 (8% IPO)

concentration B2  33%

temperature 8006C

pressure 50 Torr

duration 60'

T 105 atmoshpere IPO + H2 + CB4

carrier gas for ZPO : N2 (Z ZPO)

concentration B2+CH4 : 33%

Ratio H2/CB4  : 100/1

temperature 8000C

pressure 50 Torr

duration : 60'

T 106 atmoshpere IPO + H2 + Cl4

carrier gas for IPO : N2 (82 IPO)

concentration H2+CB4 : 33%

Ratio H2/CH.  : 10/1

temperature 8000C

pressure : 50 Torr

duration : 60'

T 107 atmoshpere : B1O-Vapor + B2

concentration B2  10Z

temperature : 8000C

pressure : normal

duration : 60'
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4. CHAMACTERISATION

4.1 Visual aspect

TiC coating : grey-brown
T 101 : grey
T 102 : grey
T 103 : grey, slightly blueish
T 104 : grey, slightly blueish
T 105 : grey, slightly blueish

• T 106 : grey, slightly blueish
• T 107 : grey

4.2 Surface morphology

SEM views of the surface of the oxidised samples are shown in figures
5-12; the initial TiC coating surface, before oxidation is shown in
figure 4. These micrographes indicate that the surface roughness is
relatively elevated. Figure 12, in addition makes us believe that the
coating porosity is high.

Act'

500Ox B 30135

Figure 4 SEN viev of the surface of an unoxidised TiC coated sample

4.3 Coating thicknesses

Netallographical sections yere made through oxidised samples; one for
each type of oxidation treai.ent vas mounted, ground, polished and
examined by optical microscopy. The folloving coating thicknesses were
measured

-.3 7



5

5000x B 30002 500Ox B 30006

Figuze 5 SEM view of the T 101 sample Figure 6 SEM view of the T 102 sample
surface surface

500Ox 3 30008 SOOOx B 30010

Figure 7 SEM view of the T 103 sample Figure 8 t SEN view of the T 104 sample

surface surface

I I I
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5000x B 30009 5000x B 30007

Figure 9 SEM view of the T 105 samuple Figure 10 SEM view of the T 106 sample

surface surface

SOOOx B 30003 1OOOOx B 30004

Figure 11 2 SEN view of the T 107 sample Figure 12 aidea as figure 11, but at
surface 1OOOOX
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Thickness (un)
Treatment TIC Oxide Figure

TIC 8 -- 2
T 101 4 7 13
T 102 - 14 14
T 103 7 -1 --
T 104 7 -1 --
T 105 7 1 --
T106 7 <1 --
T 107 - 14 15

T 101 z only half of the TiC coating has been transformed in Ti-oxide.
Approximately 4 us TIC formed roughly 7 uim Ti-oxide. As the X-
rays diffraction shovs the Ti-oxide consists of RUTILE.
The specific densities of TIC and TtO 2-rutile are not very
different (TiC . 4.93 g/cm3; TO - 4 g/cam3 ); it can be deduced
that the porosity of the Ti0 2 layer Is important (at least
202).

T 102 this treatment is in pinciple identical to T 101, except that
the duration is 60' instead of 30'. The result is that practi-
cally the vhole TIC coating is transformed into Ti-oxide. The
volume of the TiO2  is almost double of the TiC; this leads
again to the reflection that the TO2 has an important poro-
sity.

T 103/104/105/106

no micrographes vere made of these samples since the sections
did not allow to measure the thickness of Ti-oxide layer. This
oxide layer is smaller than 1 um and cannot be determined by
optical microscopy. The etallographical sections have the same
aspect as the one of fig. 2; e.g. the unoxidised TIC coating.

T 107 : the morphology of this coating is very similar to that of
T 102; most of the TiC is transformed in TiO2 .

To obtain the coating thickness values vith more precision, spherical
cap erosions vere made on the surface of I sample of each series, using
the CSEN CALOTEST (see annexe 1). The folloving values vere obtained

Coating thickness (pm)
Sample # TiC T1O2

TiC 9.3 --
T 101 5.0 7.1
T 102 1.6 12.0
T 103 7.1 S 1.0
T 104 9.0 S1.0
T 105 7.8 1.0
T 106 7.9 1.0
T 107 2.2 14.5

z-4o
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50X27304 500X270

Figure 13 Micrograph of sectioned Figure 14 Micrograph of sectioned
T 101 sample; half of the TiC-coating T 102 sample; the whole TiC-coating
is transformed in Ti-oxide is transformed in Ti-oxide

OX 27310

P Figure 15: Micrograph of sectioned
T 107 sample; the whole TiC-coating
is transformed in Ti-oxide

IO
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Figures 16, 17 and 18 show micrographes of the spherical cap erosions,
using a 30 m ball, of samples T 101, T 102 and T 107 respectively; the
different interface regions appear clearly. The spherical caps formed
on the other samples are not presented since they show mainly the TIC
coating.

4.4 X-Ray diffraction

- The X-Ray diffraction diagrams were recorded at relatively high speed
(21 20/min), using a CoK. (Fe-filter) radiation with 36 kV and 20 mA.

- There were no major problems with the recording of the X-ray
diffraction patterns; the different samples show important different
diffraction patterns. Hereafter the results i

T 101 r futile peaks
weak peaks of TiC

T 102 : rutile peaks
weak, unidentified peaks

T 103 : rutile peaks appear weakly
TiC peaks appear strong
some peaks corresponding to the substrate steel

T 104 : rutile peaks appear very weak
TiC peaks appear strong
steel peaks appear weak

T 105 : TiC peaks appear strong
steel peaks appear very weak

T 106 : TiC peaks appear strong
steel peaks appear very weak

T 107 : rutile peaks
weak, unidentified peaks.

* These results are in agreement with the data indicated under 4.3.

T T 105 and T 106 do not have enough Ti-oxide on their surface to show
up in the X-ray diffraction.
Some oxidation must however have taken place, since the visual exami-
nation showed similar surface for T 103, T 104, T 105 and T 106, and
since the electron microprobe analysis showed the presence of Ti and
0.

4.5 Stoechiometry

" The stoechiometry of the Ti-oxide caotings was determined by electron
microprobe analysis. Since there van no TiO2-standard available at
the moment of these analyses, a TiO-standard van used.

" The analyses save the following results, presented as atomic
percents, vith reference to 100Z for T1+O.



-10-

50x 73295OX27329

Figure 16 Micrograph showing the eroded Figure 17 Micrograph showing the eroded
spherical cap on sample T 101 spherical cap on sample T 102

-.....

sox 27330 Z 4
Figure 18S Micrograph showing the eroded
spherical cap on Sample T 107
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At. X
Sample Ti 0 Chemical Formula

T 101 31.5 68.5 TI02 11
T 102 30.2 69.8 TiO2 3 1
T 103 32.1 67.9 TO 2 1 2
T 104 33.7 66.3 TiO1 .9 1
T 105 34.9 65.1 TiO 1.6
T 106 35.6 64.4 Ti0 1 8 1
T 107 32.0 68.0 Ti02.13

The electron microprobe analysis results shov that the Ti-oxide
compositions are close to that of TiO.. There are samples with excess
oxygen, and others, which are deficient in oxygen.

For T 105 and T 106, the X-ray diffraction shovs no TiO 2; the micro-
graph analysis however indicated the presence of Ti-oxide.
The Ti-oxide layer here must be well below 1 pm and appears amorphous
in the X-ray diffraction analysis.

A microprobe analysis has been made for C.
The following results were obtained :

Sample Vt X C

T 101 0.7
T 102 0.2
T 103 3.2
T 104 3.7
T 105 4.9
T 106 4.9
T 107 0.8

Samples T 101, T 102 and T 107 with important TiO2 layers, show a
very small C content, which, most probably is left over of the origi-
nal TiC-coating.
Samples T 103 to T 106 show important C contents in the coatings;
because the Ti-oxide coatings are very thin, these C-content values
must be strongly influenced by the underlying TiC.

The stoechiometries, as indicated in the Ti-TiOa phase diagram (TIO-
TiO,.,) are not found in this Investigation. The important fact hove-
ver for the purpose of this project Is that oxides of different stoe-
chiometries were found s saturated with oxygen and oxygen deficient.

The TiOs lattice constants were determined by recording slowly dif-
fraction patterns of the min peaks, on the samples which shoved the
presence of rutile. The rutile structure is tetragonal, and is there-
fore determined by constants a and c. The following table indicates
the obtained values

Z-4+
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Sample a (A) c (A)

T 101 4.599 2.960
T 102 4.599 2.960
T 103 4.600 2.973
T 107 4.596 2.960

The a and c values on sample T 103 are larger than the other ones;
this must be due to the fact that the rutile peaks obtained on this
sample vere veak.
The a and c parameters given in the literature (JCPDS file) are
a - 4,5933 A and c - 2,9592 A.

4.6 Coating adhesion

The CSRN REVETEST Automatic Scratch Tester has been used to evaluate
the adhesion characteristics of the different coating systems. A des-
cription of the instrument and related technical data are given in
Annexe 2.

The operating conditions vere as follovs

- diamond tip radius : 200 a
dL

- loading rate . - - 100 N/mn
dt
dx

- scratching speed - = 10 sm/mmn
dt

- 3 scratches/sample

* The results are summerised in Table 1.

* The folloving remarks can be made :

- TiC-coating : the first cracks in the coating appear near 25 N; the
damages caused here are mainly of the cohesive type since the Fe of
the substrate does not shov up on the I-ray image (see figures 19
and 20); at a load of 28 N delamination of TiC starts in the
scratch itself (see figures 21 and 22).

- T 101 : figures 23 and 24 shov clearly that the critical load of 17
N corresponds to spelling, by lack of adhesion, of the TiO. coa-
ting; the TiC present on this sample remains undamaged. Figures 25
and 26 shov that the TIC caoting is damaged once the load reaches
22 N.

- T 102 : the TiC layer is practically totally transformed in TiO2 ;
the critical load of 12.5 N corresponds therefore to the adhesion
of Ti02 to steel. The important damages seen on figure 27 are
mainly of the cohesive type since no Fe shovs up on figure 28.
The TiO, damage on sample T 101 yas mainly of the 'adhesive' type,
vhile on sample T 102, the damage is mainly of the 'cohesive'
type. The oxidation duration, and therefore the TiO thickness, are
very different in these tvo samples.Z -46"
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B0x 30109 0o~x B 30110

Figure 19 micrograph of scratch under Figure 20 Fe X-ray image of same area
25 N load on TiC-coated sample as on figure 19

20x3 30111 200x B 30112

Figure 21 1 Micrograph of scratch under 'Figure 22 t Fe X-ray image of same area
28 N load oni TiC-coated sample as on figure 21

z-4
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200x P 30113 200x B 30114

Figure 23 Micrograph of scratch under Figure 24 Fe X-ray image of same area
18 N load on sample T 101 as on figure 23

200x 3 30115 200x 3 30116

Figure 25 t Micrograph of scratch under Figure 26 :Fe X-ray image of same area
22 N load on sample T 101 as on figure 25

L-'
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- T 103 : the spalling of the oxide layer is accompanied by small
damages where Fe of the substrate can be observed (see figures 29
and 30). The critical load of 23 N seems to correspond to the
adhesion of the TiO2/TiC composite coating; the damage type being
more cohesive.
In zone A of figures 31 and 32, it appers that 3 different surfaces
can be seen : the steel, the TiC and the TiO2. These micrographes
indicate that the failure of T'02 on TiC is of the adhesive type.

200x 30117 200x 30118

Figure 27 Micrograph of scratch under Figure 28 Fe X-ray image of same area
13 N load on sample T 102 as on figure 27

- T 104 : the delamination of the coating appears simultaneously as
the "cohesive" type damages (see figures 33 and 34).
In zone A of figures 35 and 36, two different surfaces are obser-
ved; since Fe of the substrate does not come through, it must be
assumed that the 2 surfaces belong to TIC and TiO2 respectively.

- T 105 : same remarks as for T 104; see figures 37 and 38.

- T 106 : same remarks as for T 104; see figures 39 and 40.

- T 107 : the first critical load at 16.5 N corresponds to damages of
the TO 2 coating (see figures 41 and 42). Long flakes of TiO2 are
removed by a cohesive damage type, as can be seen on figure 43. The
X-ray image shovs that practically no substrate is exposed (see
figure 44); therefore it must be assumed that the damages take
mainly place in the TiO 2 caoting.

,,, ,| -,,, m m m m m~m m m - 4 t
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200x 8 30119 200x B 30120

Figure 29 Micrograph of scratch under Figure 30 Fe X-ray image of same area
23 N load on sample T 103 as on figure 29

200x a 30121 200x 3 30122

Fisure 31 t Micrograph of scratch wnder Figure 32 sFe X-ray image of same area
26 N load on sample T 103 as on figure 31



200 x B 30123 200x 8 30124

Figure 33 micrograph of scratch under Figure 34 Fe X-ray image of same area
23 N load on sample T 104 as on figure 33,

200 x 3 30125 200x 302

P1 yre 35 t Mlicrograph of scratch under Figure 36 It Fe X-ray image Of sme area
24 N load on sample r 104 as on figure 35

;z. Sb
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200x B 30127 200x 3 30128

Figure 37 :Micrograph of scratch under Figure 38 Fe X-ray image of same area
23 N load on sample T 105 as on figure 37

200 x 1 30129 200x B 30130

Figare 39 t Micrograph of scratch under Figure 40 Fe X-ray image of same area

23 N load on sample T 106 an on figure 39

;E_.
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200x B 30131 200x S 30132

Figure 41 Micrograph of scratch under Figure 42 Fe X-ray image of same area
17 N load on sample T 107 as on figure 41

200x 3 30133 200Z B 30134

Figure 43 s Micrograph of scratch under Figure 44 x Fe X-ray imge of *&ne area
21 N load on sample T 107 as on figure 43
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4.7 Tribolosical properties

4.7.1 Tribological properties of As-caoted T102 surfaces

* The Pin on Disk type CSBJI Tribometer has been used for the determi-
nation of the TiO caoted samples (see Annex 3).

* The disks yere the TiO caoted AISI 44OC steel discs; the pin was
an AISI 52100 steel hail of 6 ma diameter. The load on the pin vas
in all tests 5 N. The veer track radius yas betveen 4 and 7 m; the
rotating speed yas in each case adjusted so that the linear speed
Vas 10 ca/s.

. Basically 2 series of measurements were made : one aerie at 6000C
under air environment and one series at room temperature under Ar
environment.

- The individual data sheets that go with the pin-on-disk tests at
600*C are given in Annex 4-1 to 4-7. The individual data sheets
that go with the pin-on-disk tests at room temperature under Ar are
given in Annex 5-1 to 5-7.

. These results are presented graphically in figure 44, which shows
the coefficient of friction values, for the 7 different Ties-coa-
ting system, obtained under the 2 different environments; the
corresponding vear-values are shown in figure 45.

For the friction values determined at room temperature under Ar,
the folloving remarks can be made

- the number of revolutions is between 2000 and 20'000; the exact
values are given in Annex 5;

- the friction coefficients are high and have a wide scattering;

- for the 3 samples where a substantial TiO coating is present,
the coefficient goes veil over 1;

- steel is smeared to the TiO2 surface; the absence of 02 keeps
the metal from oxidising, which leads to important adhesive vear;

- for samples T 103, T 105 and T 106, where the TiO coating is S
1 ua the coefficient of friction remains relatively low; this is
probably due to the fact that some friction between steel and TIC
is taking place;

- in all cases no wear was observed on the disc; steel was trans-
ferred from the pin to the disc surface. Therefore the wear
values given in figure 46 relate to the pin-wear.

• For the friction values determined at 600'C under air, the follo-

wing remarks can be made :

- the number of revolutions was 1000 for each test;

- the friction coefficients are lover and less scattered. In
practically each case there is an averae value, which shows that
there is a more stable behaviour of-t--friciton;

Z-53
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- here also there is a transfer of steel from the pin to the TiO 2-
surface; hovever the 600"C-air environment causes a rapid oxida-
tion of the transfered metal, resulting in less adhesive type
friction;

- the pin vear is very important here; the reason can be that the
pin steel softens consideratly at 6001C, and flattens out on the
T102 surface.

4.7.2 Tribological properties of polished TiO.-coated discs

The tribological pin on disc tests performed on the "as coated"
TiO2 covered discs, resulted in an important material transfer from
the pin to the disc. This material transfer vas certainly due to
the roughness of the TiO2 surface as compared to that of the poli-
shed steel pins. Therefore tribological pin on disc tests vere run
on polished TiO.-coated discs belonging to series T 101, T 102 and
T 107. The other series did not have enough TiO2 coating to enable
a polishing vithout partial or total removal of the oxide. Unfortu-
nately it was not possible to run tests under 6009C/Air. These
comparative tests vere made under the RT/Ar-environmental condi-
tions only.

Figure 47 shovs the friction results obtained on the polished
discs, and compares then to those obtained on the unpolished ones.
The detailed data sheets for these tests are given in Annex 6-1 to
6-3. The vear data of both pins and discs are shovn graphically in
figure 48.

It can be seen that the friction coefficient values obtained on the
polished TiO. surfaces vere definitely lover than those on the
unpolished surfaces.
The transfer of pin-aterial to the disc surface does not start
immediately and is much more reduced vhen the disc surface is poli-
shed.
Before the transfer starts wear of the TiO. can be observed; this
was not the case vhen unpolished discs vere tested.

As mentioned earlier it vas not possible due to technical reasons
to perform the tribological pin on disc tests at 600eC/Air on the
polished TiO, surfaces. Since in the unpolished state, the friction
vas better in the 600OC/Air environment than in the RT/Ar, most
probably the same tendency vould be observed vith the polished TiC 2
surfaces.
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FIGU~RLSL Coefficient of friction between AISI 52100 steel
and T10 2 ; the test conditions are in chapter 4.7;
a : Room Temperature, Ar - Environment
b : 6W0C, Air Environment
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£ 1I]WJ.!_LA Wear values for friction between a steel pin and a TiO
coated disk, obtained with the CSEM Pin on Disk 2

TRIBOMETER; the indicated wear values relate to the pin.
a : Room Temperature, Ar - Environment
b : 600°C, Air Environment 2-si
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FIURE Coemcient of friction between AISI 52100 steel
and TiO ; the test conditions are in chapter 4.7;
Room temperature, Ar - Environment
a : Ti, -surface is UNPOLISHED
b : Tij -surface is POLISHED 2-b7
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FIGURE 48 Wear values for friction between a steel pin and a TiO2
coated disk, obtained with the CSEM Pin on Disk
TRIBOMETER; Room Temperature, Ar - Environment
a I TiO, -surface is UNPOLISHED
b : TlG -surface is POLISHED Z-xv



TABLE 1 : Results of the adhesion characterisation by the scratch test method

COATING DAHAGE* (N)

Sample Scratch VISUAL A! F?
# # CRACK SPALL.

1 8.0 23.5 28 28
TIC 2 6.5 25.5 26 28

3 8.5 25.0 25 24
aver. 7.5 24.5

1 7.5 17.0 18 18
T 101 2 6.5 17.0 20 19

3 6.5 17.5 18 18
aver. 7.0 17.0

1 7.0 12 16 16
T 102 2 8.5 11.5 16 14

3 7.5 13.5 14 15
aver. 7.5 12.5

1 10.5 24.5 20 25
T 103 2 10 24.0 24 24

3 10 24.0 21 21
aver. 10.0 23.0

1 8.0 25.5 22 23
T 104 2 10.0 21.0 18 21

3 11.0 22.5 22 23
aver. 9.5 22.0

1 8.5 22.0 22 22
T 105 2 9.0 24.0 23 24

3 7.0 20.5 21 20
aver. 8.0 23.0

1 7.5 23.d' 22 23
T 106 2 9.0 23.5 23 24

3 9.0 23.0 22 24
aver. 8.5 23.0

1 3.0 17.5/;1.5 22 22
T 107 2 3.0 15.5/21,0 24 22

3 4.5 17.0/20.5 23 1
aver. 3.5 16.5/21.0

* Coating damae a the values indicated in these columns are in N; they
correspond to the load at which a coating damage is
observed by :
- visual examination (optical microscope under - 200 x);

tvo types of damage can be recognised a) cracking of
the coating; b) spelling

- acoustic emission (AR)

- frictional force (71)
4 S



ANNEX 1

-E %I CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A.
- Recherche et Ddveoppement -

CSEM MALADIERE 71 CH-2007 NEUCHATEL (SWITZERLAND)
TEL. 038/24 01 61 TELEX 952 664 (CSEM) TELEFAX 038/25 40 78

CALOTEST
Apparatus for the rapid measurement of the thickness of thin coatings
and for the preparation of specimens for depth profiling analyses.

PROCEDURE

A ball coated with an abrasive paste is kept in rotation on the specimen
by a shaft with a V-groove.
A depression with the form of a spherical cap is abraded in to the specimen.
X and Y are measured with the aid of an optical microscope and the thickness
of tVhe coating may be determined by the following relation

- :E X.Y

: l~ba1ll

- x . 1'.

LA..z.rY



APPLICATIONS

The method is applicable in the following fields to coatings having
thicknesses from 0,5 to 50 pm

- Surface treatment by CVD

- Sputtering, ion plating

- Evaporation in vacuum

- Anodic oxidation

- Galvanized coatings

- Chemical coatings

etc.

PRINCIPAL FEATURES OF THE APPARATUS

Working table tilttable, 80 x 80 mm of usable surface, mounting
by two clamping devices. Optional universal
working table

Rotational speed of : 60 to 1200 rev/min, continually adjustable by a
the shaft potentiomete-

Diameters of the balls : The apparatus is supplied with two sets of balls
0 10, 20 and 30 mm

Abrasion time : Electronic timer incorporated. Selection of the
abrasion time : 1 to 9 min.

Dimensions : 230 x 250 x 180 mm

Weight 4,5 kg

Power supply : 220 V n, optional 110 V

ACCESSORIES

- universal working table with interchangeable clamps
for mounting rods, washers, rings, slabs and plates

- on request, gliding working table or special mountings

Z-Q

JFC
July 1986



ANNEX 2

CENTRE SUISSE D'ELECTRQNIQUE ET DE MiCROTECHNIQUE S.A.
- Recherche et Dveloppement -

CSEM MALADIERE 71 CH-2007 NEUCHATEL (SWITZERLAND)
TEL 038/24 0161 TELEX 952 664 (CSEM) TELEFAX 038/25 40 78

REVETEST

AUTOMATIC SCRATCH TESTER

The REVETEST developed by CSEM is an automatic device
which enables the measurement of the mechanical strengh
- adhesion and intrinsic cohesion- of hard and brittle
coatings obtained by chemical vapor deposition (CVD)
or physical vapor deposition (PVD) on softer and tougher
substrates.

The test consists in scratching the surface of a coatedsubstrate with a 'rounded diamond point. The load applied
on the point increases continuously as it scratches along
the surface and a piezoelectric accelerometer detects
the acoustic emission produced as the coating is being
damaged. The apparatus also enables the scratching test
under constant load.

The intensity of the acoustic emission depends on the
nature of the damage : levelling of asperities, cracking,
flaking of the coating, etc. The acoustic emission signal
recorded as a function of the load applied on the diamond
point is a characteristic of the tested sample. The
analysis of the obtained graph provides qualitative andquantitative information on the mechanical strength of
the coating.

4-



TECHNICAL DATA

Mechanical

Dimensions of double cross motion table 60 x 75 mm

Maximum scratch length 25 mm

Maximum perpendicular displacement 25 mm

Scratching speed (adjustable) 4 to 40 mm/min.

Load (adjustable low and high limits) I to 200 N

Loading rate (adjustable) : 40 to 400 N/min.

Diamond point : Rockwell C diamond

(R = 0.2 mm)

Electronic

Actual load display

Acoustic emission signal display

Chart recorder electrical output of
main signals

Dimensions

Scratch tester . 250 x 430 x 360 mm
Control unit : 330 x 470 x 190 mm

Total weight 50 kg

Options
Rotating table and specimen holder

Measurement microscope

Chart recorder

ADVANTAGES

o Simple to use push-button operation, once
adjusted

o Time saving complete test in approx. one minute

o Objective results are operator-independant

o Subsequent sample investigation possible

JFC/cbr

June 1986
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ANNEX 3

- S

~E % I .II CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A.
-Recherche et Ddveloppement -

CSEM MALADIERE 71 CH-2007 NEUCHATEL (SWTZERLAND)
TEL. + +41 (0)38 24 tW 61 TELEX 952 e64 FAX + +41(0)38 25640 78

TRIBOMETER

The TRIBOMETER developed by CSEM is a high quality, easy to use pin-on-disc
type machine for the precise measurement of the friction and vear properties
of materials and the functional sliding life of tribological coatings.

rl-w 4

Technical description

- Disc dimensions :diameter up to 60 mm
thickness up to 15 mm

- Radius of fixed pin or ball : 3 -a (standard)

- Lubrication :with or without

- Standard loads 1 to 10 N

- Friction track radius :0 to 40 -m

- Rotation speed range :0.03 rpm to 500 rpm

- Dimensions (l,v,h) : 500 x 350 x 480 mm

-weight : 32 kg

2-61 C)



The CSEH TRIBOHETER also includes the following standard features:

* Direct friction coefficient output

* Automatic svitch-off vhen either:

* the required number of revolutions is reached (1 to 107 revs), or
* a preselected friction coefficient is reached.

e Adjustable time constant to smoothen out friction fluctuations

Standard accessories

• Plexiglas cover for testing in various atmospheres (moist or dry air, gases)

* Rotating container for tests with liquids

* Pin holders, ball holders

* Special holder for testing flat on flat.

Applications

- Sliding life determination of self-lubricating coatings

The instrument enables the number of revolutions up to break-through to be
determined, as characterized by an increase in the friction coefficient.
Typical parameters in this application are coating thickness, structure and
other deposition and interface conditions, environment, load and speed,
lubrication or cleaning, running-in conditions, etc.

- Determination of friction and wear data of bulk mterials or hard coatings

By comparing the wear and friction coefficient data, materials can be
classified and selected for practical use.

Important parameters include: material combinations, roughness, speed,
geometry, humidity, lubrication, contamination or cleaning, etc.

The friction coefficient recording allows such characteristic data as
minimum, average and maximum values during and after running-in to be
determined.

At the end of the test, microscope measurements on the ball flat spherical
cup and profilometric readings on the disc enable the wear rate to be
evaluated (wear volume per applied load and sliding length).

JFC/MNa/cbr
August 1989



ANNEX 4-1

CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et D#veloppement -

DATA SHEET Nr. T 101 (600OC-air) Ocfo'Dev 1, IB

FRICTION b

TYPE 2~I r

Lubrication without

0 with Tio / ee.1

TRIBOLOGICALLod:Fx $ Nab
Test duration : I 000 revolutions

o.03? km Cleaning a : ctloato
SYSTEM Radius : r 4 am b : It

Speed : | cm/s

Environment 0 vacuum : 10- Torr

D gas : air Humidity: Temperature: 6000 C

Friction coefficient Lifetime fter rknaiR
I wear in lO-15m2/N (for layers)

start ;In 103 revolutions

mini mean maxi a b p 0.1 ut 0.2 P< 0.3 im-0.5

0.w'3 -.-d o. Vg ;e~ait 1:15 0 0 0 O0.08

RESULTS Characteri sti c diagram

0."

0.4

0.2 .

0.
0 VO000 r~~~

CHARACTE- Geometry Substrat Layer (s) Surface

RISTICS OF a S $s 101 AISI 440/TiC/ is c'ctieTiO2 unpolished

PARTNERS b Ali S . o L

FURTHER Supplier: Running-in: revolutions

INFORMATIONS

for
b 3

for the other Z -

rtner see
Ate sheet
r.



ANNEX 4-2

CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et D.veloppement -

DATA SHEET Nr. T 102 (600C-air) O'-46o , I& IOWA

F1

FRICTION b b
_ ~J~r

TYPE

Lubrication & without

O with T;O. / Seei

Load : F - 5 N a b
TRIBOLOGICAL Test duration : 1000 revolutions

0.03i km Cleaning a : C\cilol
SYSTEM Radius : r mm b: 

Speed : 0 cm/s

Environment 0 vacuum : 10" Tort

I gas : oi Humidity: Temperature: 6O0 oC

Friction coefficient Lifetime aft r-eunn*
Wear in 10"1 5m2/N (for layers)

start fin 103 revolutions

mini mean maxi a b u< 0.1 u< 0.2 u< 0.3 u<O.S

O.1"4 0.40 ,vOJIS 0.,31 pep , 2&S 1 0 0 0 10.9

RESULTS Characteristic diagram

0.-4
0.2

0

0 MO00 revolut0-6

CHARACTE- Geometry Substrat Layer (s) Surface

RISTICS OF a C, . AISI 440/TiC/ is, coatec)T42 unpollah

PARTNERS b unrooiahSd _ _ _ too
b_______ ____ _I SZ.io _ _ p Iiee

FURTHER Supplier: Running-in: revolutions

INFORMATIONS

for
bO

For the other 2 --67
trt er see

eta Sheet



ANNEX 4-3

CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et D~veloppement -

DATA SHEET Nr. T 103 (600"C-air) Ocober A1, 15

FRICTION bJ z

TYPE ai

Lubrication J without
Owith "T O /07.

Load : F a N a b
TRIBOLOGICAL Test duration : '?I8 revolutions

o.032km Cleaning a : oAc ^oP
SYSTEM Radius : r " mm b :

Speed 0 cm/s

Environment 0 vacuum : 10- Torr

gas : Q; Humidity: Temperature: 60 0 C

Friction coefficient Lifetime afte -...

Wear In lolSm2 /N (for layers)
start -fte r ing in in 103 revolutionsstart

mini mean maxi ab ,wc 0.1 07.2 p< 0.3 iuco.5

O. .31 , o.n4 0.5 45 , jj290 0 o o F50.

RESULTS Characteristic diagram

O.c4

0.2

0 000 rC e'eLI4 'D"'

Geometry Substrat Layer (s) Surface
CHARACTE- AISI 440/TiC/

RISTICS OF a CSc 0 T1O2 unpolished 5 o

PARTNERS b b o FIsl S2.oo plizsue

FURTHER Supplier: Running-in: revolutions

INFOUIATIONS

for
b 0

For the other
rtner see
ta sheetrI.



ANNEX 4-4
CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Developpement -

DATA SHEET Nr. T 104 (600C-air) QC4I e, i 0 ,

FF
FRICTION b

J2rTYPE

Lubrication without

0 with 1_ _ %_ / s .el

Load : F - ! N a/b
Test duration : tooo revolutions

SYSTEM 0.044 km Cleaning a : coo0l
Radius : r 4 rmn b: U

Speed : 10 cm/s
Environment 0 vacuum : 10- Torr

gas 0of Humidity: Temperature: O000C

Friction coefficient Lifetime e . ..mn4 *-
i ter .. . ii.. . Wear in 10 1 5m2/N (for layers)

start in 103 revolutions
mini mean maxi a b u- 0.1 u< 0.2 m< 0.3 5<0.5

0.41 0.3Z o.53 0.5 acpk* 8 1 0 0 0.2S"
RESULTS Chardcteristic diagram

0.6

o.t-

0.

0 1000 revaLU ,s,%

CHARACTE- Geometry Substrat Layer (s) Surface
AISI 440/TiC/RISTICS OF a ' aSC. 104 TiO2 unpolished 0, C .ie)

PARTNERS b AISi Sz.IOO - p.~stLe d

FURTHER Supplier: Running-In: revolutions

INFORMATIONS

for 0

For the other
rtner see
ta sheet

r.



ANNEX 4-5
CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. -Recherche et Developpement -

DATA SHEET Nr. T 105 (600*C-air) 0evolOCIle

F F
FRICTIONbb

TYPE1_2

Lubrication without

C] with T',Oz._ _ _ _

Load :F a SN ab
TRIOLGIALTest duration J00o revolutions

SYTM0.03C km Cleaning a oCLI _ C,
SYTM Radius :r 6 mm b:

Speed 10 cm/s
Environment 0 vacuum : 10- Torr

g) gas :cat Humi di ty: Temperature: 6000C

Friction coefficient Lifetime ftte rl&%nirgi
TWear in 10-15m2/N (for layers)

str ftep pumn W. in 103 revolutions

RESULT I mean maxi a wU 0.1 u< 0.2 k< 0.3 U<0.S

C)sc O -1VO0.4 O.Li2. apteosA 0 0 .02 >'
RESULTSCharacteristic diagam

0.~4

0.

CHRCE - AIS I4.0./1iNo

CAAT-Geometry Substrat Layer (s) Surface

RISTICS a a~sC~ lOS T'02 unpolished _ ____ OSCaiI

PARTNERS b bc-11 AlSt 52.100_ -c io~s1,e J

FURTHER Supplier: Running-in: revolutions

INFOR4ATIONS

for 0Q

rtner see
at& sheet
r.



CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Diveloppement -

DATA SHEET Mr. T 106 (600°C-air) O C 1  11I IIS8rF
FRICTIONbb

TYPE%.F 
Z

Lubrication without

0 with T'o / See\
Load : F a 5" N ab

TRIBOLOGICALLodFu Ma /b
Test duration : O00 revolutions

0.038 km Cleaning a : \o o
Radius : r- mm b:

Speed : I cm/s

Environment 0 vacuum : 10- Torr

E gas ate Humidity: Temperature: 6000 C

Friction coefficient Lifetime fk- Pin -
Wear in 10" 15m2 /N (for layers)

start __ P rzinin; ir in 103 revolutions{inI, mean maxi a b V, 0.1 U< 0.2 1< 0.3 juO.5

0 k 0. I .ZS I-0.4S i o.51 bep, o o.o 1.a

RESULTS I Characteristic diagram

o.("

0.2.

0 Woo r eoL hW05

Geometry Substrat Layer (s) SurfaceCHAPJCTE- AISI 440/TiC/

RISTICS OF a g;.Sg_ to( TiO2 unpolished

PARTNERS b 10a j FIIS% Sl10 pe

FURTHER Supplier: Running-in: revolutions

INFOR4ATIONS

for b C
For the other 2--71

rtnor m
ata sheet
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ANNEX 4-7
CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et 04veloppement

DATA SHEET Nr. T 107 (600°C-air) O ck 0b e , It$:9

FRICTIONb

Lubrication ] without

O with T; o, S eel

Load : F - 5" N a / b
Test duration : 1000 revolutions

0.038 km Cleaning a : c\k o1

Radius : r -" mm b : I

Speed 0 cm/s

Environment 0 vacuum : 10- Torr

G gas : O Humidity: Temperature:0 0OC

Friction coefficient Lifetime .after i-.... in
- Wear in lOlSm2/N (for layers)
start fter nw r "' ,in 103 revolutionsstart

aini mean Imaxi a b u< 0.1 u< 0.2 1.. 0.3 1.O. 5

0.34 o.14 ~o. 5 0.51 1 e,,S 2 10 o o 0.06 1 .

RESULTS Characteristic diagram

0.6

0.-

0

0 1000 rcgolul;ons

CHARACTE- Geometry Substrat Layer (s) Surface
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~ANNIEX 5-1

CENTRE SUISSE OELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Doveloppement -

DATA SHEET Nr. T 101 (RT - Ar) 1 9 85S3

FF

FRICTIONbb

TYPE 4__1_I2

Lubrication without

0 with 0_ _ _ 2.e

Load : F - N ab
TRIBOLOGICAL Test duration : !;oo revolutions

0.13 km Cleaning a : Co ,%b' Ces Jr j 'ao

SYSTEM Radius : r - I mm b : 0.c0Uo0

Speed . 10 cm/s

Environment 0 vacuum : 10- Torr

C) gas : r" Humidity:-27, RH Temperature:Z4° C

Friction coefficient Lifetime after -.. ,:fR i ,-
Wear in 1015m2/N (for layers)

s t.. r...:.. in 103 revolutionsstart

mini mean maxi a b V< 0.1 1< 0.2 u< 0.3 u<0.5

0.56 0. U 1i 3% 4 0epo, 1 0L.C 0 o

RESULTS Characteristic diagram
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0.4"

0 • / lowI

0 2.000 500ooo1L~ fS

CHARACTE- Geometry Substrat Layer (s) Surface

RISTICS OF a asc 101 AISI 440/TiC/ Q6 coo ej
TiOi unpolished

PARTNERS b Amol 62.s tZ oo plse

FURTHER Supplier: Running-in: revolutions

INFORMATIONS
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ANNEX .5-2

CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et D~veloppement -

DATA SHEET Nr. T 102 (RT - Ar) O. 1, 83

TYPE12

Lubrication 3 without

0 with TO_ _ / S+ee\
Load : F= S Nab

TRIBOLOGICAL
Test duration : ZT 5 revolutions

0.0& km Cleaning a : Cowpressec) tt l
SYSTEM Radius : r = L4 mm b : r€o%, o

Speed to cm/s

Environment 0 vacuum 10- Torr

CR gas Rf Humidity:c27.eIt Temperature:2. 4 °C

Friction coefficient Lifetime k: ir.- i-.
I ___-_____-.- ___ i Wear in 1015 m2/N (for layers)

stat aftp - . . in 103 revolutionsstart _

mini mean maxi a b 0.1 u< 0.2 u 0.3 u<O.S

0. L41 O.L,1 -> 1.0 epct,V,' 3 0 0 10 0.0

RESULTS Characteristic diagram
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CHARACTE- Geometry Substrat Layer (s) Surface
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PARTNERS b ball ;2ls SW p0e0S ec)

FURTHER Supplier: Running-In: revolutions

INFORMATIONS

for C3
b C3

For the other
rtner see
ta sheetVi.



CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et D~veloppement - ANNEX 5-3

DATA SHEET Nr. T 103 (RT - Ar) iO :> , ISIS

FRICTION b

TYPE 2r

Lubrication without

0 with T0 / sieA
Load : F a 5" N a b

TRIBOLOGICAL Test duration : 20"000 revolutions

O.SO km Cleaning a : compwele) 4r% '
SYSTEM Radius : r - m b : c,% o*U01

Speed 10 cm/s

Environment 0 vacuum : 10- Torr

W gas :(f Humidity: < 21/@ efi Temperature: °4tC

Friction coefficient Lifetime aftr rLAni,; in
Wear in 1015 m2 /N (for layers)

s after rf ! W in 103 revolutionsstart
mini mean maxi a b u< 0.1 u< 0.2 1< 0.3 u<O.5

o.32 o.z' 0jj Ojao., ; . 0 0 o.8 j t

RESULTS Characteristic diagram
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0 100oo 20 "oo otuo'iolis

CHARACTE- Geometry Substrat Layer (s) SurfaceCHARCTE-A151 44U/TiC/
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FURTHER Supplier: Running-in: revolutions
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ANNEX 5-4
CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHfIlQUE S.A. - Recherche et Dveloppement -

DATA SHEET Nr. T 104 (RT - Ar) 7 , I595

IFF
FRICTIONbb

TYPE 
2

Lubrication without

0 with _ _ _ _ 4e
Load :F - NTRIBOLOGI CAL Test duration 5000 revolutions

0.13 km Cleaning a : Covnfcesmc$ 4)f%4
SYSTEM Radius r = n b : colo

Speed 10 cm/s

Environment 0 vacuum : 10- Torr

§ gas: Ar Humidity: -C 21. V% Temperature: 24 OC

Friction coefficient Lifetime after _u.=.-. -
It Wear in 1015m2/N (for layers)

start .. ... r - in 103 revolutions

mini mean maxi a b UC 0.1 u< 0.2 u- 0.3 u<O.5

0. cl . .?. - o..3 LjOS1 2. 0 0 o .1 1 1z.

RESULTS Characteristic diagram
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0..
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RISTICS OF a tic 104 TiO2 unpolishe4 O
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CENTRE SUISSE DELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Develo4pement -ANNEX 5-5

DATA SHEET Nr. T 105 (RT - Ar) tOVc~ev ,

FRICTIONbb

TYPE __________________ E i Z r

Lubrication without

0 with T;O, / Se
Load : F - SN a b

TRIBOLOGICAL Test duration : S0oo revolutions

SYSTEM O.t3 km Cleaning a :co, ?pesse 4r a:,,

Radius : r 14 mm b : O\co0o1

Speed : 10 cm/s

Environment C] vacuum 10- Torr

gas : Humidity: .4 2% R4 Temperature: -4 oC

Friction coefficient Lifetime aft- ru -ir-
Wear in 10" 15m2/N (for layers)

start in 103 revolutions

mini mean maxi a b u-< 0.1 u< 0.2 u< 0.3 u'O.5

0.1 0.43 -- > O. et P; 0 0 o.os 1>
RESULTS Characteristic diagram

0.4

0.4

0. z

0 00o 00ooo rcvcuV'os

O4ARACTE- - Geometry Substrat Layer (s) Surface

RISTICS, OF a ~;s~ AISI 440/TiC/ f >
R__T____________ Ti02 unpolishe4 _$__ ______

PARTNERS b 011sI sz.c - p I @~s'ec

FURTHER Supplier: Running-In: revolutions

INFORMATIONS

for C) -7

For the other
rtner see

ata sheet
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ANNEX 5-6

CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Ddveloppement -

DATA SHEET Nr. T 106 (RT - Ar) Nove-Aoe, -4 3

FRICTION b b

____ ___ ____ ____ _ ~ 12r
Lubrication without

0with ___ __Skeet

Load F f- S a / b

TRIBOLOGICAL La F /
Test duration : IZO revolutions

SYSTEM 0,2L km Cleaning a : covwqretSe at% cavl
Radius r 14 mm b : cdcoltol

Speed 10 cm/s

Environment 0 vacuum : 10- Torr

(Q gas Air Humidity: 2%R14 Temperature: 24 oC

Friction coefficient Lifetime after .-'.onn -i
. , , Wear in 10-15 m2/N (for layers)

start at v in 103 revolutions

mini mean maxi a b ut 0.1 v< 0.2 u< 0.3 uO.S

0 0.o -0 -, o.(,o e POSIV 2 1 0 0 0 "7.4

RESULTS. Characteristic diagram
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ANNEX 5-7
CENTRE SUISSE O'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Doveloppement -

DATA SHEET Nr. T 107 (RT - Ar)

FRICTION b allr
2r

TYPEa

Lubrication without

O with T; Oz S~recl
Load : F= N a bTRIBOLOGICAL___________________
Test duration : Z 60 revolutions

0.0" 4 km Cleaning a Co m CfCA Xrv 0:"f

Radius : r L4 mm b : icot1ot

Speed 10 cm/s

Environment 0 vacuum : 10- Torr

0 gas : Af Humidity: / Z%2 Temperature:ZZOC

Friction coefficient Lifetime aft. r n. .. i _ '
..... _ Wear in 0 15m2/N (for layers)

start after .uinr. 1- in 103 revolutions

mini mean maxi a b p< 0.1 u< 0.2 u< 0.3 vO. 5

0.14 o.1 4 - POIEV I II S 0 0 0 0.0o

RESULTS O C,,racteristic diagram
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0 ;000 reionuf;o-.S
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For the other
*rtner see
Ata Sheet
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CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et DOveloppement - ANNEX 6-1

DATA SHEET Nr. T 101 (RT - Ar) 1'loIeude, 13, 3

FF
FRICTION b ,C__

TYPE _12

Lubrication with ut

0 with 7,,,. / sieA
Load : F = S' N a b

TRIBOLOGICAL Test duration : S000 revolutions

0.20 km Cleaning a : c co 1,
SYSTEM Radius : r - 6.5 mm b: -

Speed 10 cm/s

Environment 0 vacuum : 10- Torr

Q gas : FW Humidity: < Z/. R14 Temperature: U. °C

Friction coefficient Lifetime after ring 4
Wear in lO-15m2/N (for layers)

sftcr r..ning i. in 103 revolutionsstart

mini mean maxi a Iub 0.1 u< 0.2 u< 0.3 u<O.S

0.18 0.18 K-e- O.&0 1.( I.z 0.70.08 I.(
RESULTS Characteristic di agram
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0.4

03

j Geometry Substrat Layer (s) Surface
CHARACTE- AISI 440C/TiO2  pIT.1'ed

RISTICS OF a a;sc Io I polished

PARTNERS b 4o15 1i sz..ioo pelslve)

FURTHER Supplier: Running-in: revolutions
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for 
0

b 0 -o

For the other
Srtner iso
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ANNEX 6-2
CENTRE SUISSE D'ELECTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Developpement -

OATA SHEET Hr. T 102 (RT - N.ij)uore e, 13 %85

FF

FRICTION 4 t

TYPE -_Ii2 r

Lubrication 0 without

Owith T1Oz C; e-

Load :F= N a / b
TRIBOLOGICAL Test duration : 2'1 revolutions

0.STM"0 km Cleaning a : c0Acono\

Radius : r = mm b : 

Speed 0 cm/s

Environment 0 vacuum 10W- Torr

(9 gas : fv' Humidity: <2 % e Temperature: Z .°C

Friction coefficient Lifetime aft:r .. ningin
Wear in 1O' 15m2/N (for layers)

start..ft .ri.gn i- in 103 revolutionsstart

mini mean maxi a b U< 0.1 U< 0.2 u< 0.3 U<0.5

0.21 o O.L4 10 .S 0 0 o.S 0 .8

RESULTS Characteristic diagram

0.$
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0 .

oI I I

0OO f 1tV |%A 1oV1

CHARACTE- Geometry Substrat Layer (s) SurfaceCHARCTE-AISI 440C/TiO 2

RISTICS OF a SC 102 polished p___ _ j ol C)

PARTNERS b 1DCA ptSI !52. 00 ?Ol;$ =

FURTHER Supplier: Running-In: revolutions
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ANNEX 6-3
CENTRE SUISSE D'ELLCTRONIQUE ET DE MICROTECHNIQUE S.A. - Recherche et Ddveloppement -

DATA SHEET Nr. T 107 (RT - Ar) 'OI).0euJ.A o 11, 15

F1 F
FRICTION bb

TYPE -

Lubrication without

Owith -'%0 7 . / Xee

Load : F - 5 N a / b
TRIBOLOGICAL Test duration : 24340 revolutions

0.12 km Cleaning a : o.\c o\
SYSTEM Radius : r - -. m b: ,

Speed : 10 cm/s

Environment 0 vacuum 10- Torr

C gas jr Humidi ty: 4 2%/ e t Temperature: Z2 °C

Friction coefficient Lifetime aftre rnP-ir-*-
Wear In 10" 15m2/N (for layers)

s t r in 103 revolutionsstart

mini mean maxi a b ju< 0.1 < 0.2 - < 0.3 1<.5

0.24 .3 . LIu 2O& 2.0 0.j 0 o.ooS > 2.

RESULTS £ Characteristic diagram
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Deposition of Titanium Oxide Films of Controlled Stoichiometries

Final report

February 9th, 1990

Bertrand G. Bovard, Shuchung Chiao, and H. Angus Macleod

Optical Sciences Center

University of Arizona

Tucson AZ 85721

Abstra t

The deposition of thin titanium oxide films of controlled oxygen to titanium ratios ranging
from 1.6 to 2.0, is demonstrated. The films are grown by reactive electron beam evaporation.
Chemical composition is established by Rutherford Backscattering Spectrometry.
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1. Purpose of the project

The purpose of this project was to establish whether the oxygen to titanium ratio of thin
titanium oxide films grown by reactive evaporation could be controlled by a proper choice of

deposition parameters. Five sets of one micron thick films of five different oxygen to titanium

ratios in the 1.6 to 2.0 range had to be deposited on fused silica triboflats.

2. Approach

Because of its high refractive index, its transparency in the visible and near infrared

range, 1 its chemical resistance, and its good mechanical properties, titanium dioxide is a very

widely used material for optical coatings. It is often used in quarterwave stacks where it plays the

role of the high refractive index material while silicon dioxide is the low refractive index, material.
The typical thickness of the titanium dioxide layer is around 50 to 100 nm depending on the
wavelength of interest. These attractive properties are balanced by a large sensitivity of the

material to deposition and annealing conditions. Very well known in the optical thin films
community this problem was the purpose of a panel discussion at the 1986 Annual Optical

Society of America Meeting where various groups and companies in the whole World were
invited to present their results on the growth and characterization of thin films of titanium dioxide.

Refractive indices and extinction coefficients were found to cover a very wide range of values.

Inhomogeneity, the variation of the refractive index between the substrate/film interface and the

air/film interface, was also shown to vary from sample to sample. This suggests that a very large

range of stable microstructures can be achieved by these different processes making it very
difficult to transpose deposition conditions from one laboratory to another.

A variety of processes exists and are currently used for the deposition of titanium oxide
films. They include reactive evaporation, 2 ion-assisted deposition, 3 low-voltage reactive ion
plating,4 radio frequency sputtering, 5 dual ion-beam sputtering, 6 chemical vapor deposition, 7

and sol-gel techniques. The most widely used in the optical thin films industry is probably

reactive evaporation, the evaporation in an oxygen background of a material that can be any oxide
from pure titanium to TiO2 itself. Since oxygen is provided to the film during its growth,
intermediate oxides such as TiO, Ti20 3, Ti3 0 5 are very satisfactory. 2
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Our laboratory is equipped to grow thin films of titanium dioxide by reactive evaporation,

ion-assisted deposition, and rf-sputtering. The process used in this study was reactive

evaporation.
The reactive evaporation of titanium dioxide films for optical applications has been largely

investigated. It relies on the choice of three main parameters: the deposition rate, the substrate
temperature, and the oxygen partial pressure in the deposition chamber. Their proper choice

determines whether the films are opaque, or transparent and proper for optical applications. In

particular oxygen deficiency produces films of high absorption and poor optical interest.
In this work the interest is not dcfined by the optical properties but rather by the

mechanical properties of the material. The focus of the fabrication process is on the ability to
produce films of various stoichiometries ranging from 1.6 to 2.0 (oxygen to titanium ratio). The

approach is the tuning of this ratio by an appropriate choice of the oxygen partial pressure. The
starting material was Ti2 03 with an oxygen to titanium ratio of 1.5 close to the minimum value of

1.6. Supply of extra oxygen was expected to increase this ratio from 1.6 to the upper value of
2.0. The elemental analysis necessary to establish the corresponding oxygen to titanium ratio
was performed by Rutherford backscattering spectrometry8 in the Physics Department of the

University of Arizona.

3. Experimental description

The films were deposited in a Balzers 760 box-coater equipped with a Cryo-

pump (bs se vacuu,. .5A, 7 mbar) sard a large nuber of accessories including two
electron guns, two resistive sources, a substrate rotator, a direct optical monitoring
system in reflection and transmission, a quartz-crystal deposition rate controller (closed
loop), two additional deposition rate monitoring systems (open loop), a temperature
regulation system with substrate heaters and thermocouple for chamber temperature

measurements, a pressure regulation system for reactive evaporation, a 12-cm
Kaufman ion source for reactive or non-reactive ion-assisted deposition, a Faraday cup

for ion current density measurements, and a quadrupole mass spectrometer for residual
gas analysis. The equipment relevant to this study was limited to one electron beam
gun, the quartz-crystal deposition rate controller, the chamber temperature controller,
and the pressure regulating equipment The deposition system is also equipped to
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allow the growth of 4 independent samples in a single vacuum. A set of masks has
been designed so films can be grown one at a time on 4 different substrates without

venting the system. This feature is very useful in investigations of process parameters.
As was already stated, the starting material was Ti2 0 3 evaporated from a molybdenum

liner by an electron beam gun. The deposition rate was fixed at 0.4 nmnsec based on previous

experience with titanium oxide films, length of deposition, and stability of the melt. The choice
of the two other parameters: temperature and oxygen partial pressure was based on the
measurement of the oxygen to titanium ratio by elemental analysis using Rutherford
Backscattering Spectrometry (RBS). To achieve an optimum accuracy with this technique, the

films should be grown on substrates that are lighter than the material to be analyzed. Since
oxygen is present in the films of interest, carbon substrates have to be used. A second

requirement of RBS is the use of film thicknesses such that the peaks produced by the
backscattering of the alpha particles by the various elements present in the coating do not overlap.
The overlap of the oxygen peaks on the carbon substrate peak had to be avoided and it is the
reason why 100 nm thick films were produced for the first part of this project.

Since the films final thicknesses were I im, supplementary deposition runs had to be

performed to produce the thicker samples. The success of our project depended therefore on
three assumptions: the process had to be repeatable i. e. the same process parameters would

produce the same oxygen to titanium ratio, the films compositions should not be affected by the
thickness of the films i. e. the film composition would not vary with time during the growth, and
finally the film composition should not be affected by the choice of the substrate. The first
assumption was the only one checked in this feasability study and the results are presented in the
results section. This work determined the choice of the chamber temperature at 2000C. The
oxygen partial pressure was then tuned to produce films with oxygen to titanium ratios in the

proper range.

4. Results

4. 1. Study of the reueatabililv: optical mopenies and chemical composition

The repeatability study was designed to help us establish whether the chemical

composition could be controlled in a satisfactory way. The deposition chamber is
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equipped with a temperature controller that keeps chamber temperature constant when
the heat load is negligible. Since there is no mechanism to cool the chamber, a heat
load such as the radiation emitted by a molten pool of refractory oxide produces a
temperature increase that is difficult to minimize. The first series of depositions were
performed in the same residual vacuum in sequence without waiting for the system to
cool between deposition of successive layers. The optical properties and oxygen to
titanium ratios are presented in figure 1. The elemental analysis showed that the
oxygen to titanium ratio was not affected by these variations the way the optical
properties were. This observation suggested that ambient temperature are not a good
choice for the substrate temperature because it cannot be guaranteed during deposition
and second that the optical properties are extremely sensitive to temperature while the
oxygen to titanium ratio is not. Another interesting feature was the finding that titanium
oxide could be absorbing although the oxygen to titanium ratio was 2. These facts are
not all understood at this stage and they deserve further investigation. Clearly there is a
microstructural parameter that can be upset when substrate temperatures are varied and
this parameter is not the oxygen to titanium ratio. To prevent the possibly negative
effect of this unknown parameter we decided to add the optical properties to our list of
repeatability criteria. Repeatability was achieved when the chamber was allowed to
cool between successive depositions (figure 2). At 200*C the optical properties were
also found repeatable (figure 3) and this temperature was preferred over the lower
substrate temperature for the continuation of the project since temperature stability was

easier to guarantee.
Table 1 presents a list of samples, deposition conditions, and oxygen to

titanium ratios. The repeatability of the oxygen to titanium ratio is ±0.02 while the
uncertainty is also ±0.02. These values are very satisfactory and show that provided
chemical composition is not a function of substrate and thickness, process parameters
determined to produce a particular composition in 0.1 pm thick films will produce the

same composition in thicker films.

4. 2. Influence of the oxygen partial pressure
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The influence of the oxygen partial pressure on the final properties of the films
was the key to the success of this project. RBS showed that the oxygen to titanium

ratio can be tuned by the proper choice of the oxygen partial pressure (figure 4). A
similar result was obtained optically (figures 5 and 6). The low values of oxygen

partial pressure yielded very opaque films while the higher values yielded more

transparent films. An interesting feature is the position of the absorption edge. At low
values of oxygen pressure the edge is located more to the blue side of the spectrum than

at higher values. Since all films have been grown to have the same thicknesses it is

safe to state that this difference is probably related to an actual property of the material
rather than a thickness effect. This feature cannot be discussed any further because of

the lack of appropriate measurements but it is now receiving more attention.

S. Deposition of the samples

The parameters needed for the deposition of films of various stoichiometries being
established with RBS another set of deposition runs had to be performed to obtain thicker films.
This task was less successful than the first one. The large thicknesses of I ;Lm led to cracking

and they had to be reduced. Attempts at 0.5 gtm were unsuccessful. It is only at 0.25 pin that

mechanical integrity could finally be achieved. The reasons for this mechanical failure are not

clear and would deserve further investigation. The failure mode was characteristic of tensile
cracking. The stress in thin films is usually decomposed into three components: the intrinsic

stress due to the growth mechanism away for the thermodynamical equilibrium conditions, the

thermal stress due to the expansion coefficient mismatch between substrate and thin film material,
and the external stress due to external forces such as an applied load. Most thin films grown by
thermal evaporation are tensile while films produced by sputtering or ion-assisted deposition can

be compressive. There are reports in the lierature of tensile cracking in titanium dioxide films
produced by reactive evaporation. 9 ,10 Cracking is also reported for 0.5 lim thick films produced

by chemical vapor deposition. 7 The sensitivity of thin films to atmospheric moisture is largely

documented in the literature. Thin films produced by thermal evaporation suffer from a columnar
void structure. Moisture can be adsorbed in these voids modifying the optical and mechanical

properties of the film. Moisture adsorption can be dissociative or not. In the case of silicon

dioxide it is established that the polar nature of the water molecule can lead to the breaking of
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strained Si-O-Si chains by the formation of (Si-O-H H-O-Si) groups that lead to the formation
of a crack. Diffusion of water inside the crack can lead to further propagation. 1 1 Whether the

titanium oxide films produced by reactive evaporation behave in a similar way is not established

and the nature of water adsorption, dissociative or non-dissociative, by titanium dioxide seems to

remain a topic of research. 12 In the investigation of other materials used for optical applications,
workers have reported large changes in stress during exposure to atmosphere 13 leading to
mechanical failure. These observations have encouraged the development of ion-assisted
processes such as ion-assisted deposition, low voltage ion plating, an ion-beam sputtering. All
these processes have been successful in eliminating the porosity problem common to all films but
ion-assisted deposition remains the only process that allows control of the stress by proper choice
of the growth parameters. 14 Cracking could also be due to a thermal coefficient mismatch
between the fused silica substrate and the titanium oxide film. Finally a third possibility is the
occurrence of a phase transformation. The transformations from amorphous to anatase and

anatase to rutile involve an increase in density that can lead to an increase in tensile stress
followed by cracking. Published results indicate that titanium oxide films produced at
temperature around 200*C are amorphous.2 ,6 A possible phase transformation to rutile or
anatase after deposition during cooling is therefore unlikely and this could be checked by x-ray

diffraction.
The study of the origin of cracking was beyond the scope of this project and would

require in situ stress measurements to establish whether cracking occurred during growth
(intrinsic stress), during cool down (thermal stress), or during exposure to atmosphere

(adsorption of moisture). Without this investigation it is difficult to predict what should be done

to avoid this failure and it is difficult to understand the mechanisms involved. Possible solutions

include changes in substrate temperature, cooling speed, post-deposition bake, dry-nitrogen
venting, use of a glow discharge prior to deposition, and use of ion-assisted deposition.

Rather than starting a full investigation of this phenomenon which would be beyond the
possibilities of the resources allocated to this effort we decided to grow thinner films of 0.25 pim.
This effort was successful and the samples were produced for delivery.

The final samples delivered to Hughes at the end of this project are:
- two sets of nominally 1 pm thick films of five different compositions in the 1.6 to 2.0 range
(see table 2);
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- two sets of nominally 0.25 pm thick films of five different compositions in the 1.6 to 2.0 range

(see table 3).

6. Conclusion

Reactive evaporation can be used to grow thin films of titanium oxides with various
oxygen to titanium ratios. The use of Rutherford backscattering spectrometry allowed us to
determine which conditions were appropriate. The films obtained by this technique were very
pure and no other element were detected. Hydrogen remained the only unknown since RBS is
not sensitive to this element and this uncertainty can be lifted by nuclear reaction analysis. The
mechanical properties seem very critical at this stage since cracking stopped us f--.a delivering 1
gm thick samples. We are working on an in-situ stress measurement interferometer to estaolish
the evolution of stress during growth, post-deposition bake, cool down, and exposure to
atmosphere. This device will also enable us to study the effect of ion-assisted deposition on
stress during growth.

The transformation of the amorphous films to crystalline rutile was not attempted in this
project. The stability of the oxygen to titanium ratio at high temperatures and the mechanical
integrity of the films are a concern if high temperatures have to be used during annealing. The
possibility of promoting rutile growth during deposition could be investigated. Pulker reports
that the use of pure titanium as a starting material with substrates at 350*C or TiO at 3801C leads
to the formation of rutile exclusively. 2 With other oxides, substrate tempneratures such as 700C
or higher are needed to observe the formation of rutile. Pulker adds that the oxidation of the solid
phase Tio or of the condensing molecules always leads to the formation of anatase. The only
starting material remaining stable from one deposition to another appears to be pure titanium. it
produces only titanium species in the vapor phase and the residues in the crucible remain pure
titanium. All other materials produce higher level oxides in their vapors and in their residues and
thus favor the formation of anatase.



run sample P02 TI T2  OM/i Notes

(X 10-6 mbar) (O0 M

941 A none 218 223 1.55±0.01 (*)
941 B none 219 224 1.57±0.01
941 C nne 213 220 1.57±0.01
941 D none 218 229 1.60±0.02

942 A none 40 71 1.61+0.02
942 B none 114 132 1.60±0.02
942 C none 95 116 1.60±0.02
942 D none 71 96 1.61±0.02

943 A 80 216 222 1.96±0.02
943 B 80 206 211 1.96±0.02
943 C 80 223 238 1.99±0.02
943 D 80 222 225 1.95±0.02

944 A 80 54 82 2.05±0.02
944 B 80 30 83 2.00±0.02
944 C 80 106 129 1.99±0.02
944 D 80 83 109 2.05±0.02

945 A 80 42 65 N/A
945 B 80 42 65 N/A
945 C 80 41 65 N/A
945 D 80 41 64 N/A

948 A 200 206 210 N/A 50 n thick
948 C 600 208 214 N/A 50 n thick
948 D 800 212 216 N/A 50 n thick

949 A 50 209 216 N/A
949 B 20 204 221 N/A

950 A 4 195 204 N/A
950 B 6 194 209 N/A
950 C 8 200 209 N/A

951 A 4 203 210 1.74±0.02 (*)
951 B 8 202 211 1.79±0.02 (*)
951 C 20 201 211 1.91±0.02 (*)

Table 1: Evaluation of the repeatability of reactive evaporation.



run sample P02 TI T2 O/Ti Notes

(X 10-6 mbar) (-C) (0q

952 A 500 195 205 2.04±0.02
952 B 20 199 210 1.88±0.02
952 C 8.5 196 208 1.85±0.02

958 20 200 215 final sample 951 C
959 8 194 221 final sample 951 B
960 4 196 219 final sample 951 A
961 500 191 215 final sample 952 A
962 none 220 223 final sample 941

Table 1: Evaluation of the repeatability of reactive evaporation (continued)

Note: The (*) indicates that the set of deposition conditions was used in the final series of
evaporation for the production of the I gm thick samples. T1 and T2 are starting and finishing
temperature of the chamber.
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Run A 0/rI Run B PO2(mbar)

958 1.91±0.02 951c 2 X 10- 5

959 1.79±0.02 951b 8 X 10- 6

960 1.74±0.02 951a 4 X 10-6

961 2.04±0.02 952a 5 X 10-4

962 1.60±0.02 941d none

Table 2: Deposition conditions of the 1 pm thick samples delivered to Hughes Aircraft
at the completion of the project. "Run B" numbers correspond to the samples used for
RBS while "run A" numbers correspond to the 1 gm thick samples. Deposition rates
are 0.4 nm/second and chamber temperature is 200°C.

Run A Ofli Run B Po 2(mbar)

1015 1.91±0.02 951c 2 X 10-5

1016 1.79_+0.02 951b 8 X 10-6

1018 1.74±0.02 951a 4 X 10-6

1014 2.04±0.02 952a 5 X 10-4

1013 1.60±0.02 941d none

Table 3: Deposition conditions and chemical compositions of the 0.25 gm thick
samples. "Run B" numbers correspond to the samples used for RBS while "run A"
numbers correspond to the 0.25 pm thick samples. Deposition rates are 0.4 nm/second
and chamber temperature is 200°C.
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Figure 4: Oxygen to titanium ratio versus partial pressure of oxygen for the

conditions chosen for the deposition of the final samples. Error bars do not include
repeatability. No oxygen in the chamber is represented as 5.10 -7 mbar.
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The objective of the research programme was to deposit good quality diamond films

of thicknesses ranging from 1000 A to 10,OOOA over large area silicon substrates and

characterize them. The films have been characterized with respect to factors such as

structure, surface morphology and thickness and the wafers diced to the required

dimensions prior to delivery to the prime contractor ( Hughes ) for tribological testing of

the films.

This is the final report for the contract which will summarize the work done to date,

review the results and discuss the findings. A concluding section will present some

suggestions for further research whereby the superior mechanical properties of thin

diamond films can be investigated for potential utility in a variety of applications.

Diamond Denosition

Diamond deposition is achieved by the plasma assisted decomposition of

hydrocarbon gases in the presence of hydrogen. Plasma excitation is achieved by the use of

DC techniques. Typical deposition conditions are as follows:

Deposition temperature 600- 800 9C
CH4 volume % 0.3 to 1%

H2 volume % 99.7 to 99%

Flow rate 100 sccm

Substrates employed were <100> oriented polished silicon wafers and the deposition times

were adjusted to achieve the desired film thickness.

Characterization

Extensive film characterization has been done with special reference to the bonding

state of the film ( sp 3 vs sp2 ), the structure of the film with respect to grain size and

morphology, the continuity of the film and the film thickness. Raman spectroscopy and

scanning electron microscopy have been the predominant tools utilized in this work.
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Results and Discussion

The critical aspect of this research programme has been the development of an

understanding of the nucleation and growth mechanissms at work in the deposition of very
thin ( <1 micron ) diamond films deposited on silicon substrates. In particular the

conditions that promote the nucleation of continuous films which also exhibit a
predominance of the diamond phase have been sought. An additional important engineering
variable that required significant development is the deposition of thin films over large areas
of silicon with the objective of achieving uniform deposits over 4 in diameter silicon
wafers. There has been no reported work on the deposition mechanisms of very thin
diamond films and in particular the deposition of thin films over large areas.

Raman spectra and scanning electron micrographs of the films have been obtained
as a function of position on 4 in diameter wafers. The key results from this work can be
summarized as follows:

Optical observations of the surface of thin (<I g. M) diamond films typically
indicates the presence of two distinct regions in the films. These two regions are
characterized by areas of the film that reflect light poorly and appear a dull grey in color and
portions of the film that appear blue in color with less efficient light absorption. Several
important variables govern the formation of these two phases of the material including the
distribution of temperature, the plasma current density, and the active gases ( methane and
hydrogen ) over the wafer surface. Extensive Raman spectroscopy and SEM analyses of
these phases have been done and it has been determined that the grey, non reflecting region
of the film is diamond, characterized by a granular surface structure and a sharp i 333
wavenumber peak in the Raman spectrum which is associated with sp3 bonding of carbon.

Figures 1 and 2 show typical Raman spectra form these regions of the film.
Although there exists some degree of sp2 bonding in these films the fact that the sensitivity
of the Raman technique is approximately 100 times greater to sp2 bonding as compared to
sp3 bonding indicates that these films are predominantly diamond and should have the
attendant physical properties including tribological properties. Adjacent to the Raman
spectra are shown typical scanning electron micrographs of regions of the films that exhibit

Raman spectra with a predominance of sp3 bonding.There are no apparent voids in the film
and the thicknesses in these regions also tend to be on the high side. The structure is

0B3Pf .. 2 , m.
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Figure. I Raman spectrum and corresponding surface structure, as observed in a scanning

electron microscope, of thin (<I i m ) diamond film deposited on a 4 in diameter silicon

wafer. The Raman spectrum shows the typical sharp peak at 1330 wave numbers. The

broad peak centered around 1500 wavenumbers indicates the presence of small percentages

of sp2 bonded phase in the film. The SEM image shows the surface structure of such a
film. The continuous film is characterized by rounded grains with some degree of facetting

within them.
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Figure. 2 Raman spectrum ana SEM image of diamond film showing the strong signal due

to diamond and the continuous crystallites comprising the film.
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generally In the form of crystallites completely covering the surface of the silicon. These

crystallites can assume at least two morphologies, a sharply facetted structure reminiscent

of a 111 ) surface orientation and a rounded structure which has been termed the

cauliflower structure. Figure 3 shows examples of these two structures. It has been shown

that the surface orientation of the crystallites is a function of the methane to the hydrogen

concentration in the active gas mix. The fact that both types of structures can occur on

different regions of a large wafer suggests that a variation of the CH4/H2 ratio can result

over the diameter of a 4 in wafer. It has not been established whether other factors such as

the local current density or temperature also have an influence on the surface morphology

of the crystallites.

The growth of very thin films ( 1000 A ) which are contiguous has not been

possible to date. Regions of a wafer that exhibit very thin or discontinuous films appear a

dark blue in color and are also characterized by very poorly defined Raman signals. Figure

4 is a Raman spectrum of a thin film. The spectrum has no discernable st.-ucture to it and is

characterized by a very noisy signal without any peaks that stand out. Such a structure is

characteristic of discontinuous films where the size of the individual grains or crystallites

are smaller than the diameter of the laser spot in the Raman spectroscope ( 5 microns ),

with the grains not coalesced into a continuous film. The corresponding scanning electron

micrograph of a discontinuous film is also shown in figure 4. A significant aspect of the

current research programme has been the development of equipment and processes which

promote the formation of continuous diamond films rather than the discontinuous structure

shown in figure 4.

In order to enhance nucleation to promote the formation of a large density of very

small grains which would subsequently coalesce into thin, continuous films, a two stage

deposition process has been tested. In this approach the density of nuclei is increased by

the use of a higher methane concentration in the gas mix during the early stages of the

deposition process followed by a reduction in the methane concentration for completing

film deposition. The expectation is a more contiguous film with fewer voids and pinholes.

In general the films have been found to be more continuous with the use of a two step

process, but the quality of the Raman signal is found to be degraded with the use of higher

methane concentrations. It has generally been observed that the Raman signal is improved

as the methane concentration in the gas mix is reduced. Even in the case of an initial high

methane concentration for promoting a high nucleation rate, the concentration of the

methane in the gas phase for the subsequent stages of the deposition process is found to

86 €'rgAaIuw.
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Figure. 3 Scanning electron micrographs showing the surface structure of PECVD
diamond films deposited on silicon.The surface morphology is found to be a function of

deposition conditions (temperature, gas chemistry, plasma conditions etc. ). Top
micrograph shows rounded, relatively smooth grains with a roughly octahedral
morphology. Bottom micrograph shows a sharply facetted surface with a roughly I 1111

surface orientation of the grains.
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influence the Raman signal. The use of a lower (0.3%) methane concentration promotes
diamond bonding whereas a higher (0.5%) methane concentration promotes graphitic
bonding. A comparison of the Raman spectra of films deposited using a two stage process
with an initial 1 % methane concentration for the nucleation stage followed by a longer

deposition at a lower methane concentration is shown in figure 5. The lower methane
concentration promotes sp3 bonding whereas the higher methane concentration shows a
predominance of sp2 bonding.

The other aspect of this programme that has a bearing on the commercial viability
of the CVD diamond deposition process is the uniformity characteristics of the films over
large deposition areas. Figure 6 is a plot of film uniformity on a 4 in silicon wafer. The
nominal thickness of this film is 0.8 microns with a thickness variation of + or - 10%
across a 4 in wafer. The average grain size of the film is also plotted as a function of
position indicating a very tight distribution of the grain size of about 1.25 microns.

Table 1 below summarises the relevant data for the 6 silicon wafers with diamond

deposited on them.

Sample Methane Deposition Comments

Concentration Time (Fir)

20 K 0.3 % 110 hr Reasonably good RamanSpectra,

Spectrum quality is position

dependant
36 1 0.3 % 100 hr Poor Raman quality, high sp2

bond content
35 K 1% 16 hr

0.3 % 48 hr Good Raman spectra
40 K 0.3 % 72 hr Good Raman spectra
41 K 0.3% 52 hr Good Raman spectra
51 K 1% 16 hr

0.5 % 45 hr Poor Raman spectra, high sp2

bond content, Spectrtum

similar to DLC
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Figure 4. Raman spectrum and corresponding SEM image of a thin diamond film ( < 3000
A ) deposited on a silicon surface. No distinct Raman peaks are observed since the film is
not continuous being composed of isolated crystallites, approximately 2 g m in diameter.
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Figure. 5 Comparison of Raman spectra of diamond films deposited using two different

concentrations of methane gas in the ambient. The lower methane concentration ( 0.3 %

methane in hydrogen ) results in a distinct Raman signal due to diamond bonding in the

film ( top spectrum ) whereas higher methane concentration ( 0.5 %) results in a Raman

signal that is more characteristic of diamond like carbon films with a significant sp2 bond

component ( bottom spectrum ). There are other variables such as the plasma current

density which could have an influenced the structure of the films.

_______ __,_____. Mall 510 S',ifwnnm4.Tedp i 41S* 494-11ft60 .Il POIIP IM.." Sbnufr 2 * /Pab .4?.. ('.? wuim 94.584



z
0
c 0.9

* 0.8 G

U)w 0.7 -
z
( 0 6 -
I

z
0

S1.5

1.0 III II

LU

z

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

DISTANCE ACROSS WAFER -CM

Figure. 6 Uniformity characteristics of diamond films depositesd on silicon substrates. A

thickness uniformity variation of about 10 % is indicated with a very uniform distribution
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Concluins

The work performed to generate thin, continuous films of diamond on silicon

wafers to determine the tribological properties of the films has resulted in the following

findings:

• The growth of very thin diamond films using plasma enhanced CVD techniques is

very strongly dependant upon the nucleation and growth conditions that are operative in

this process. Films of thicknesses < 1000 A are difficult to grow under the current process

conditions and utilizing current equipment designs. However, based on the work
performed in this phase of the contract a variety of equipment and process improvements

can be suggested which provide the opportunity for the growth of very thin (< 1000A)
films of diamond.

* Diamond films of thicknesses > 5000 A can be grown in a fairly routine fashion.

Such films are characterized by good Raman spectra and are contiguous and continuous

over large areas. The quality of the films as determined by Raman spectroscopy is a strong
function of the methane to hydrogen ratio with a high hydrogen supersaturation promoting
diamond bonding in the films. Variations of the structure, including the relative ratios of the

sp 3 and sp 2 bonded phases can occur over the surface of a wafer. Further development i
required to enhance structural uniformity of thin diamond films deposited on large areas.

• An important technology development activity that has resulted in part from this

work is the development of processes and equipment for the deposition of diamond films
over substrate areas as large as 4 in in diameter. This is believed to be the largest area over
which diamond films are deposited routinely today. The only other reported work on large

area deposition has been on 3 in diameter substrates. It is clear that the commercialization of
the diamond deposition technology and the utility of diamond films in industrial
applications requires the development of large area deposition technology.

* An understanding of the nucleation and growth characteristics of diamond films is

beginning to emerge in part as a result of this work

BB12 * rOWNUuu.
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Recommendations for future research

The present research programme has generated significant information which suggests a
variety of new technical developments that warrant attention. Some of vhe recommendations

for further work in this area include the following:

* The growth of very thin (<1000A) films of diamond that are contiguous and

pinhole free is of obvious interest in a variety of potential uses of diamond films. Based on
the present work several new avenues are available for investigating the technology of the
growth of very thin diamond films.

* The present work has been confined to the deposition of diamond films on silicon

substrates. There is obvious interest in the deposition of diamond films on other materials
including metals and ceramics. Depositing diamond on these materials would be of
particular interest in hard coating and tribological uses. In this context one of the key
technologies that needs investigation is the adhesion characteristics of diamond films to
metals, semiconductors and ceramics. Work done at Crystallume has shown that adhesion
between diamond films and a variety of substrates is a function, among other things, of the
carbide forming nature of the substrate. Excellent adhesion between diamond and carbide
formers such as molybdenum, titanium, silicon etc. has been achieved whereas the
adhesion between the diamond film and non carbide formers such as copper, silver, and
germanium is poor. The use of intermediate layers and adhesion promoters is of interest in
this context.

* Tribological properties are expected to be a function of the surface structure and

morphology of the diamond films. In this regard modification of the structure and the
orientation of the crystallites in thin diamond films is possible by modifying the plasma
deposition conditions. Further resaearch in this area can identify the mechanisms and
processes relating process conditions to structure. A change in the orientation from a
predominance of a {1111 surface orientation to a predominance of a (100) surface
orientation with changes in the methane to hydrogen ratio in the gas has been demonstrated.
The mechanical and tribological properties of films of the two orientations would be clearly
of interest. Extending this train of thought further, the properties of single crystal films of
diamond in terms of their tribological behavior are of interest. There has been some limited

BB13 Ur',*lsuame
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success in the growth of heteroepitaxial single crystal films of diamond on nickel

substrates. Crystallume has developed concepts for heteroepitaxial growth of diamond on
lattice matched substrates such as nickel and copper. The mechanical properties of such

single crystal ( or large grained polycrystalline ) films are of interest. A research effort
relating PECVD process variables to diamond film structure and their tribological properties

is recommended.

Apnix

Enclosed with this report are diced samples of diamond coated silicon chips from

four 4 in diameter wafers. Maps of the wafers are attached along with the data on surface

structure and Raman spectroscopy. The data summarized in table I above should be a guide

to the expected tribological behavior of the samples from the different wafers.
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Wafer maps indicating position at which Raman spectroscopy
and SEM analyses were performed.
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Sample Shipment

Diamond on SaDphire

Sample #

P-1-Q-9

9-S-4

9-S-5

9-S-6

Diamond on Silicon Carbide

13-Y-7 - 3 Triboflats

13-Y-6 - 1 Triboflat

3--10 - 3 Tribopins

13-Y-6 1 Tribopin

Diamond on Single Crystal Silicon Carbide

3-1-10 - 4 single crystal silicon carbide Triboflats
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Plasma enhanced CVD diamond thin films have been deposited on single crystal
sapphire and single and polycrystalline silicon carbide with the objective of providing thin
continuous, adherent films of diamond for friction and wear tests. The details of the
experimental procedures and the results are discussed here.

Diamond deoosition on single crystal Sannhire

4 inch diameter wafers of polished single crystal sapphire were used as substrates
for diamond deposition. From earlier work performed at Crystallume it has been
established that adhesion of diamond films to sapphire is generally quite poor in the
absence of adhesion promoting intermediate layers. Adhesion of diamond is found to be a
function of the carbide forming nature of the substrate. Strong carbide formers such as the
refractory metals and silicon and titanium are found to adhere strongly to diamond films
whereas weak carbide formers such as copper, silver, and oxides such as sapphire, silica
adhere poorly to diamond. As a result the ability to promote adhesion between non carbide
formers and diamond is based upon the incorporation of carbide forming interlayers in the
structure. In the present work thin (250 A ) films of titanium were sputtered on the sapphire
wafers prior to diamond deposition. The presence of the titanium film also assists surface
conductivity of the wafers which is required in the DC biased systems used for diamond

synthesis.

The following experimental conditions were used for diamond deposition:

Methane volume % 0.3 to 0.5
Hydrogen volume % 99.7 to 99.5
Deposition temperature 550 and 7259 C

The 550 OC temperature was chosen in order to determine if diamond bonding can
be promoted at temperatures below 600 C. The fdms were characterized by Raman
spectroscopy and scanning electron microscopy. The methane to hydrogen ratio was varied
since it has been shown to strongly influence the nature of the bonding between carbon
atoms, a low methane concentration promoting sp3 bonding. The relationship between

Cryatallume w m oeb, a .*p c& rn
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methane concentration and the ratio of sp 3 to sp2 bonded carbon in diamond films is shown

in figure below. The sp3/sp 2 ratio is obtained from the ratio of the relevant peak heights

from Raman spectra of the films.

SP3/SP2 Ratio vs Methane Concentration

14
12 6500C

6-
4-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Methane, %

Ile specific process conditions utilized to deposit diamond films on titanium coated

sapphire wafers are as follows:

Sample # CH-4 concentration Film thickness Deposition
(volume %) Temperature

P-I-Q-9 0.5 % 3Moo A 725 11C

9-S-4 0.3 % 750 0 A 725 0.8

9-S-5 0.5 % 7000 A 550 QC

9-S-6 0.5 % 2000 A 550 2

The high temperature deposition with the higher methane concontatiaon resulted in

the best film in terms of film continuity and uniformity. Figure shows typical scanning

Slectron micrographs and a Raman spectrufm diamond film deposited on titanium

coated sapphire ( Sample # P-oIt-Q-9). The Raman specrmue indicates diamond bonding in

the film by the presence of a sharp peak at 1337 wavenumbers. However the film also

C.e- 4
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Figure 1. Scanning electron micrographs (plane view and cross sectional view) and Rman
specmum of diamond film on sapphire. The sapphire has been coated with a thin (~ 250 A)
film of titanium to pronoe adhesion.. ( Sample # P-I -Q-9)
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Figure 2. SEM micrograph and Raman spectra from diamond deposited on titanium coated
sapphire utilizing a reduced methane concentration in the gas mix. The nucleation density is
much reduced and discrete crystallites of diamond result. As expected the quality of the
diamond is improved as evidenced by the increased spharpness and magnitude of the
Raman peak at - 1335 wave numbers.
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contains sp2 bonded carbon as indicated by the presence of the broad peak centered around
1500 wavenumbers.

Reducing the methane concentration to enhance the sp3 content of the film had the
effect of reducing the nucleation density of diamond and the result is found to be a
discontinuous film composed of discrete crystallites of diamond as shown in figure 2. The
corresponding Raman spectra show the expected improvement in film quality with a
sharper peak at -1335 wave numbers as compared to the corresponding peak observed in
figure 1.

The initial attempts at low temperature deposition on titanium coated sapphire have
not been successful. Figure 3 shows the surface structure and a Raman spectrum of a film
deposited at 550 C. No Raman signal has been observed from this film. The lack of a
distinct Raman signal may be related to the possible amorphous nature of the film or due to
insufficient film thickness. However the film thickness has been estimated to be 7000 A
using an alpha step apparatus. The surface structure of the film, as observed in an SEM, is
featureless suggesting an amorphous nature. A thinner film deposited at the same
temperature displayed similar structural characteristics (Figure 4).

Concludinf comments - Diamond on Saphirae

Diamond deposition on sapphire substrates has been achieved by using an adhesion
promoting intermediate layer which is a carbide former. The phase mix in the diamond film
on titanium coated sapphire follows the expected pattern with the concentration of sp3

bonded carbon being high when the methane concentration is kept low. However when the
methane concentration is kept low the nucleation density is reduced and the resulting films
are discontinuous. In these series of experiments attempts have not been made to promote
the initial nucleation of diamond by utilizing a high methane to hydrogen ratio followed by
the deposition of a higher quality of diamond using a reduced concentration of methane.
Further work is recommended whereby nucleation is promoted by the use of such a two
stage deposition process. This approach has been successfully applied to the deposition of
high quality thin films of diamond on silicon.

The results of low temperature diamond deposition on titanium coated sapphire
have been inconclusive. Further work is needed to better understand the mechanisms at
work in the synthesis of low temperature diamond films by plasma CVD.

Cryptailume w o, -. sn., cit. u
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Figure 3. Scanning electron micrograph and Raman spectrum of diamond on titanium
coated sapphire. Diamond deposition was achieved at 550 2C
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Figure 4. SEM image and Raman spectrm of thin diamond film on sapphire deposited at
550 2C. In both figure 3 ad 4 no distinct Raman peaks are observed in the Raman
spectrumn.
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Diamond denostion on Silicon Carbide

The following table indicates the substrates and the process conditions employed
for diamond deposition on silicon carbide:

Material Surface treatment Methane Film Thickness

concentration

Polycrystalline Selected samples 0.3% Typically I - 2 ;LM

silicon carbide were etched in

triboflats HF and -NO3

Polycrystalline

silicon carbide

tribopins

CVD single crystal

silicon carbide on
single crystal silicon

- The silicon carbide triboflats and the tribopins in HIP and canned HIP conditions
were obtained from Hughes ( Mike Gardos).

* The single crystal silicon carbide on silicon wafer was obtained from North
Carolina State University ( Professor Bob Davis) and the wafer was fabricated by Fujitsu.

The wafer was diced into the dimensions required for the SEM tribotester at Hughes.

The results of diamond deposition on silicon carbide are as follows:

Polvcrvstalline Silicon Carbide Triboflats

Figure 5 shows scanning electron micrographs of diamond films deposited on

silicon carbide triboflats. The structure of the films is composed of facened crystallites - 1
1iM in diameter with the structure being essentially independent of the substrate preparation
treatment. Both the HIP and the canned HIP specimens show similar structure and etching

CryOONlOI IM C&W I I I ,CA
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the substrate with HF and HN0 3 solutions prior to diamond deposition appeared to have
no effect. The thickness of the diamond films is estimated to be I ILM although it has not
been possible to obtain precise thickness information due to the lack of a clean interface that
can be observed in the SEM.

Figure 5. Typical example of surface structure of polycrystalline diamond on
polycrystalline silicon carbide.

Polvcrvstalline Silicon Carbide Tribogins

The silicon carbide tribopins - 1 cm in length were diamond coated using a
specially configured diamond reactor with a capability of depositing diamond films on non
flat substrates. An important issue in this context is the ability to deposit diamond films
uniformly over the tool. The uniformity characteristics of the film on the tool are shown in
the series of scanning electron micrographs in figure 6. The structure of the film is
observed to be very uniform over the entire coated surface of the pin with a tendency for
some enhanced degree of facetting at the tip of the pin. It is also to be noted that the grain
size of the diamond film in the early stages of nucleation is significantly smaller than the
grain size of the silicon carbide substrate. This is evident from the micrograph of the
transition region between the coated and the uncoated regions of the pin shown in figure 6.
The grain size of the silicon carbide particles are in the several microns range while the
diamond crystallites appear to be < 0.5 jtM in size. This suggests that nucleation of

Cryatallume iii ccms, , A., , ,
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diamond on silicon carbide is not promoted by grain boundaries in the carbide but that
nucleation is inragranular.

Figure 7 is a Ranan spectrum of the diamond film on the tribopin. As in the case of
the triboflats the quality of the diamond is found to be excellent.

Single Crystal Silicon Carbide

Diamond deposition on single crystal silicon carbide (CVD on single crystal silicon)
was accomplished using the same process conditions as employed for diamond deposition
on polycrystalline silicon carbide. The results however were found to be quite different.
The barrier to diamond nucleation appears to be significantly higher on the single crystal
surface. Figure 8 shows the typical surface structure of diamond film on single crystal
silicon carbide. Widely separated crystallites are observed, the structure being very similar
to that observed on single crystal sapphire ( Figure 2). To enhance nucleation density the
gas pressure in the diamond reactor was increased resulting in a higher nucleation density
as shown in the bottom micrograph in figure 8. However continuous thin films of diamond
have not been achieved to date on single crystal silicon carbide. Comparing the structure in
Figure 8 to that of diamond film on silicon carbide ( Figure 5) indicates that a significantly
higher nucleation density is achievable on polycrystalline silicon carbide leading to

continuous, thin films of diamond.

The dependance of nucleation density on gas pressure has also been observed on
silicon carbide triboflats, although continuous films have been observed at gas pressure
levels at which discrete particles are still observed on single crystal silicon carbide. Figure 9
shows an example of the gas pressure dependance of diamond nucleation on silicon carbide
triboflats. The two gas pressure levels utilized to obtain the two structures were identical to
that use to achieve the structures on single crystal silicon carbide shown in figure 8.

A phenomenon that has been often reported in the case of nucleation of diamond
films on single crystal silicon surfaces has also been noted in the case of single crystal
silicon carbide. The presence of any surface damage in the form of scratches often results
in profuse nucleation of diamond in the vicinity of the scratch. Figure 10 shows an example
in the case of single crystal silicon carbide. The surface scratches are observed to function

as local nucleation sites for diamond caystallites.

CrystOllumo IS UN P. c& M
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Uncoated Figure 6. Structure of
Region diamond film on SiC

tribopin.
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Figure 7. Ramian spectumn of diamond flm on silicon carbide tribopin

Figure S. Suucture of diamond crystalites on single crystal silicon carbide. Structure on
the left was achieved utilizing the same diamond deposition conditions as was used to
deposit diamond films on polycrystalline SIC triboflats (Fligure5). The structure on the right
was achieved by increasing the gas press=~ in the reactor to enhance nucleation rate.
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Figure.9 Gas pressure dependance of nucleation density of diamond on polycrystalline
silicon carbide. Low gas pressure on the left

Figure 10. Scanning electron micrograph of a diamond film on a single crystal silicon
carbide surface showing the effect of a surface scratch on the nucleation of diamond
crystaflines. The low magfnification micrograph on the left shows the region of scratches
on the surface. The higher magnification display on the right shows profuse nucleation at
the site of the scratches.
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The present work has been directed at the deposition of thin, continuous, high
quality diamond films on materials of interest in the tribological and optical fields. Diamond

deposition on sapphire single crystals and silicon carbide single and polycrystals as well as
on silicon carbide tribopins has been achieved. The key results and some implications of
the work are as follows:

* Diamond films of high quality as represented by the high content

of sp 3 bonded carbon can be readily deposited on materials as disparate as
sapphire and silicon carbide.

- The quality of the film with respect to the diamond to the graphite
ratio is found to be a function of the methane to the hydrogen ratio in the
plasma gas mix, as has previously been demonstrated.

- Film quality is also observed to be a function of the substrate on

which the diamond is deposited with silicon carbide surfaces yielding high
quality films. Titanium coated sapp.re single crystal substrates have to date

only resulted in films containing a mixture of diamond and graphite.

- In general, diamond deposition on sapphire has not been a very
well controllable process. Further work is needed to better understand the

nature of the interface between diamond films and oxides such as aluminum
oxide and titanium oxide. It is speculated that the thin titanium layer utilized

to promote bonding between the diamond and the sapphire may be oxidized

and as such the oxide of titanium may be playing a part in influencing
nucleation, the phase mix and adhesion in the diamond titanium system. The

use of higher density plasmas as achievable in, for example, microwave
enhanced CVD may be needed to promote bonding between diamond and

oxides.

* The results of diamond deposition on silicon carbide have been
excellent. Diamond deposition on polycrystalline silicon carbide yields high

quality, continuous films.

C. -15



* Diamond films deposited on single crystal silicon carbide, under
the conditions utilized in these experiments, have been found to be

discontinuous.

* The nucleation of diamond films on both single crystal and
polycrystalline silicon carbide has been found to be a function of the gas
pressure. Continuous films of diamond are more readily achieved on
polycrystalline silicon carbide while for the pressure ranges utilized in these
experiments continuous films of diamond have not been achieved on single
crystal silicon carbide. There is a larger barrier to nucleation on single
crystal silicon carbide than on polycrystalline silicon carbide.

- Diamond deposition on silicon carbide tribopins has been readily
achieved by the use of a specially configured diamond reactor. The
uniformity of the diamond film in terms of thickness, grain size, structure
and morphology has been found to be very good over the entire surface of
the three dimensional tribopin. This result indicates that the plasma CVD
approach exhibits good throwing power permitting uniform coverage of
complex shapes. This is an important result in the use of CVD diamond
technology in conjunction with complex shaped components and hardware
such as tools, lenses, mirrors, bearings etc. which can benefit from the
superior tribological, mechanical, chemical, thermal and radiation resistance
properties of diamond films.

An important outcome of this work is the development of technology for the
deposition of thin, continuous, high quality diamond films on a variety of substrates. Thin
films (5< 2 IM) are required for tribological applications since thicker films tend to suffer
from excessive residual stress and can less easily accomodate interfacial stresses generated
due to differences in thermal expansion coefficients between the diamond and various
substrates of interest. The ability to deposite thin films in a controllable manner is
dependant upon an undersatnding of nucleation and growth mechanisms at work in
diamond film synthesis.

CrystolluMne 's C-A . Atf CAWU
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Intrdutoo

The objective of this final phase of the Crystallume subcontract with Hughes

Aircraft was to deposit thick diamond films on a variety of silicon carbide substrates,

characterize the films and deliver coated parts. The substrates used are tabulated below.

Substrate Comments

Single crystal I-SiC on single Thin diamond films have been difficult

crystal silicon, to nucleate on single crystal SiC. Thick

film growth has been found to be

effective.

Sintered ax-- Silicon Carbide triboflats Triboflats previously coated with thin (1-

2 ltM) diamond films were returned to

Crystallume for depositing thick diamond

films on the reverse side of the flats. One

etched and one unetched HIP sample,

respectively, were subjected to thick film

deposition.

3 in. diameter, - 0.5 in thick, graphite P-SiC film on the billet was extremely

fiber reinforced glass matrix composite non uniform and discolored.

billet ( HAC-GLAS-13-2) coated

with polished, polycrys.alline P-SiC.

Single crystal silicon troboflat for Following diamond deposition the

thickness calibration silicon sample was cut in half for accurate

film thickness measuremenL

Diamond deposition conditions were chosen to ensure maximum nucleation density

in the early stages of the process and the achievement of high quality for the majority of the

film. The reactor design had to be modified to accommodate the variety of samples of

different sizes. In order to conserve space in the reactor the small tribo flats, the single

Crystallume 125 Coniuion Drive, Menlo Park, CA. 94025
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Carbide film
removed during

~polishing

Silicon Carbide
1. SiC Tribo Flat - Etched HIP Coating on Graphite/Glass
2. Single crystal SiC on silicon Matrix Composite
3. Single crystal silicon thickness

monitor
4. SiC Tribo Flat - Unetched HIP
5. Single crystal silicon thickness

monitor

Figure 1. Sketch of the distribution of the various SiC and silicon specimens in the

diamond deposition reactor

Cryslallume 125 Constitution Drive. Menlo Park, CA. 94025
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crystal SiC and silicon samples were placed on the graphite/glass matrix composite towards

the periphery of the billet. This region was chosen since the polished SiC film on the billet

had been removed at the edges of the billet. Figure 1 shows a schematic of the sample

distribution in the reactor.

The results of the depositions were analyzed using scanning electron microscopy

and Raman spectroscopy. The details of the analysis are as follows:

Diamond deposition on single crystal fl-SiC on single crystal silicon

In figure 2 are shown scanning electron micrographs and Raman spectrum from

the diamond film deposited on single crystal J-silicon carbide. Unlike the case with thin

diamond film on single crystal silicon carbide the film is found to be continuous with a

highly facetted structure. Based on the silicon calibration sample the thickness of the

diamond film is estimated to be 8 to 10 rIM. The Raman spectrum indicates a strong 1332

peak due to Sp3 bonding. There is a small peak at 1538 cm-I which is usually indicative of

some degree of Sp 2 bonding in the film. This is very likely due to the Sp 2 contaminated

nucleation layer deposited at the start of the deposition process.

Diamond deposition on polycrystalline a-SiC triboflats

Figures 3 and 4 show scanning electron micrographs and Raman spectra of
diamond films deposited on ox-SiC triboflats. The film thickness is estimated at 8 -10 gM.

The structure is very well developed with sharply facetted crystallites with a predominantly

( 111 ) morphology. Occasional locally increased growth rates are observed in the unetched

HIP specimen whose origins are not currently understood. The Raman spectra attest to the
high quality of the films deposited. In this case as well the deposition process consisted in

an initial nucleating promoting initial layer which can contribute to the observed 1546
wavenumber peak due to Sp 2 bonded carbon.

Diamond deposition on Graphite fiber/glass matrix composite billet.

In spite of the non uniform nature of the silicon carbide coating on the composite

billet there were no major problems encountered in the diamond deposition process.
However some volatile contaminant was found to evolve from the billet and coat the inner
walls of the reactor with an orange colored film. The cracks in the carbide film appeared to

Crystallume 125 Conlitution Drive. Menlo Park, CA. 94025
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Figure 2. Scanning electron micrographs and Raman spectra of a thick diamond film
deposited on single crystal j3-Silicon Carbide
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Figure 3. SEM images and Raman spectrum of diamond film deposited on an a-SiC
triboflat ( Etched HIP)

Crystallume 125 Constitution Drive, Menlo Park, CA. 94025

3bD --6



400.

Figure 4. SEM mnicrographs and Ranman spectrum of diamond film on an ct-SiC triboflat

(Unetched HIP)
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be effectively covered up by the deposited diamond film although the traces of the cracks

are still evident around the periphery of the sample. Figure 5 shows the cracks in the silicon

carbide shown after diamond deposition. The higher magnification image shows the highly

facetted crystalline diamond film.

Figure 5. SEM images of diamond coated composite billet showing the cracks in the SiC

film being covered by the diamond film.

The diamond film was observed to be uniformly deposited over the region of the

billet covered with silicon carbide. Figures 6 and 7 show SEM micrographs and Raman

spectra at several locations on the 3 in. billet. The structure is found to quite uniform with

occasional regions where local acceleration of the growth rate appears to have occurred.

Crystallume 125 Constiulion Drive. Menlo Park. CA. 94025
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Figure 6. Surface structure of the diamond film at several regions on the graphite fiber/
glass composite billet.

Crystallume 125 Conitution Drive, Menlo Park, CA. 94025
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Figure 7. Raman Spectra of diamond film at several regions on the graphite fiber/glass
coMosite billet. Thes spectra correspond to the SEM micrographs shown in figure 6.
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Figure 8. Surface and cross sectional structure of diamond film on single crystal silicon
used as a thickness monitor. The film thickness is - 9 microns.

The phase relationships ( Sp 3 to Sp 2 ratio ) in the diamond films is found to be quite
constant over the entire deposition area as shown in figure 6.

Diamond deposition on single crystal Silicon

Single crystal triboflats were used for obtaining an accurate measure of the film
thickness. Ths silicon samples were cut following diamond deposition to create a clean

Crystallume 125 Constitution Drive, Menlo Park, CA. 94025)b-U i



interface to permit thickness measurement using the SEM. Although the initial nucleation

rate of diamond on silicon is likely to be different from that on silicon carbide the

subsequent growth rates, once the initial nucleation event is complete, are likely to be

substrate independent. Based on our work on the influence of the substrate material on the

nucleation of diamond, the nucleation rate on polycrystalline SiC is found to be higher than

on single crystal silicon. Consequently the measured thickness of the diamond film on

silicon is at worst an under estimate of the film thickness on SiC. Figure 8 shows the

surface structure and the cross section of diamond film on silicon. From this analysis the

film is found to be -9 microns thick. Consequently the thickness of the diamond film on

silicon carbide is estimated to be 8 to 10 microns.

Cnclusions

Thick diamond film deposition on a variety of silicon carbide samples has been

achieved. Using an approach developed at Crystallume for promoting diamond film

nucleation, films of thicknesses of 8 to 10 microns have been grown on single crystal SiC,
polycrystalline SiC and silicon carbide coated graphite fiber/glass matrix composite billet.

In general the structure of the films appear to be independent of the type of SiC substrate

utilized. The surface roughness of the diamond film is found to be - I pM ( peak to valley

ratio) suggesting that polishing I to 2 microns of the top layer should result in a smooth

diamond surface.

Other areas of research that this work has pointed to include the following:

• Achieve a more detailed understanding of the nucleation mechanisms at work in

the deposition of diamond films on commercially important materials such as SiC.

* Develop the technology for enhancing the growth rate of diamond films in order to

commercialize products which require thick diamond films.

- Develop production equipment for the large volume deposition of diamond films

for commercial applications in tribology.

Crystallume 125 ConsudoR Drive, Melo Pa, CA. 94025

bb- 12
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August 8, 1988

Dr. K. V. Ravi
Director of Research and Development
Crystallume
125 Constitution Drive
Menlo Park, CA 94025

Dear Dr. Ravi:

Under separate cover, we are shipping you a graphite fiber
reinforced glass matrix composite billet, designated HAC-
GLAS-13-2, for diamond coating at Crystallume. The sides
and une of the flat surfaces of this billet are pre-coated
with 8-SiC. I understand that your plans are to deposit the
diamond coating onto the flat surface covered with the
8-SiC undercoat. Please note that the O-SiC coating on this
flat surface is severely cracked and crazed, and that areas
near two opposite edges of this face are devoid oI the
O-SiC coating, for reasons discussed below. Optical and
mechanical characteristics of the diamond coating may be
affected by this irregular morphology of the 8-SiC
undercoat. We recommend that the diamond coating be
deposited to a thickness, say 10 - 15 um, that will provide
optimum optical properties while allowing sufficient
thickness for subsequent polishing operations. We also
recommend that a method to directly measure the deposit
thickness be employed, independent of estimates based on
deposition time alone. Mike Gardos has informed me that
this coating experiment will be incorporated into the
Statement-of-Work under your subcontract from him.

HAC-GLAS billet 13-2 was fabricated about four years ago
under a Hughes IR&D project. This early billet is far from
optimum but is being provided for this experiment because
(1) it is available, and (2) the diamond deposit is expected
to adhere well to the polished 8-SiC coating. This billet
has high porosity (-6%) and contains some discontinuous
graphite fibers oriented on their sides at the polished
surfaces. Both of these characteristics can produce pits in
the polished surface. Present HAC-GLAS materials have

ES-i mm mmmmmm mmmmm m



neither of these drawbacks. Composition and properties of
this billet are summarized in Attachment 1, excerpted from a
Hughes report. Note that current HAC-GLAS billets have
essentially zero porosity, >100 W/m°C thermal conductivity,
and coefficient of thermal expansion approaching zero.

An explanation of the operations that led to bowing of the
billet and concomitant cracking of the 8-SiC coating is
provided in paragraph 4.6 of Attachment 1. A set of photo-
micrographs documenting and mapping the crack pattern is
provided in Attachment 2. As mentioned above, portions of
this flat surface are devoid of SiC (near two opposite
edges). The bowed geometry of this face caused the SiC
coating to be polished completely away from these two areas,
which are marked T (top) and B (bottom). It is seen in the
micrographs that the SiC has a "dry lake bed" crack
structure. Many small white patches, where pieces of the
SiC are completely removed, can be seen. Because bowing of
the billet occurred prior to the final polishing operation,
a reasonable assumption can be made that the SiC thickness
is greater near the billet center than near the edges.
After the final polishing operation, the billet was immersed
in boiling hexane for one hour to remove polishing waxes and
other contaminants.

The dimensions, weight, and density of billet 13-2 are:

" Thickness (in.): 0.544, 0.543, 0.543; average 0.543
. Diameter (in.): 3.072, 3.068, 3.065; average 3.068
" Weight (g): 140.973
• Bulk density (g/cm ): 2.137

After diamond coating, the billet should be returned to the
undersigned for inspection. I then plan to ship it to Mr.
Claud Martin, U.S. Army SDC, for polishing experiments,
optical characterization and thermal cycling, as well as
hardness and adhesion tests. Please also return the
micrograph portfolio, which should accompany the billet when
it is shipped to Mr. Martin. An additional copy of the
micrographs can be made available.

IE-2



Please contact me at (213)616-6183 if further information is
needed. I am looking forward to hearing about your progress
in this endeavor.

Sincerely,

A. k .P
Robert W. Seibold
Project Manager
Mail Station El/F150

Enclosures

CC: Mr. Claud Martin, USASDC
Mr. Lamoyne Cochran, USASDC
Mr. Ruben Cortez, DOE
Dr. Larry Fehrenbacher, TA&T
Mr. David McMahon, TBE
Mr. Michael Gardos, Hughes
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ATTACHMENT2 1

EXCERPTS FROM:

FINAL REPORT, HAC-GLA.S-100

JANUARY 1988

PREPARED BY:
J. 0. GIBSON
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ATTACHMENT 2

MICROGRAPHS DOCUMENTING AND MAPPING CRACK l±fERN IN SILICON
CARBIDE COATING ON SURFACE OF HAC-GLAS BILLET 13-2

AUGUST 1988

PREPARED BY:
B. W. BULLER
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INTRODUCTION

A considerable research effort has been devoted to the

chemical vapor deposition (CVD) synthesis of polycrystalline

diamond thin films due to their unique properties. These

properties include unsurpassed hardness, abrasion resistance,

optical transparency over a wide range of wavelengths, high thermal

conductivity, and chemical and thermal stability. Potential

applications for these films include wear resistant tooling, high

temperature semiconductors (with the proper doping), heat sinks,

optical coatings and wear and abrasion resistant coatings for a

variety of uses (1). Attempts to synthesize diamond crystals and

films have been made by a number of different CVD techniques and

the structure of the various films range from amorphous carbon to

graphitic to diamond.

The work described in this report has focused on the

characterization of polycrystalline CVD diamond films deposited on

various substrates by a DC plasma technique. The substrates

consisted of one 3 inch diameter advanced ceramic composite

substrate, two 5x7x2 mm polycrystalline a-SiC triboflats, one S-SiC
coated silicon single crystal triboflat and two single crystal

silicon thickness monitors. The triboflats are friction and wear

specimens for SEM tribometry. The deposition was performed by

Crystallume, Menlo Park, CA.
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The films were evaluated to determine if they were

sufficiently adherent and uniform to withstand polishing and if

they could yield a high final surface finish. A comprehensive

characterization of the diamond films was performed by employing a

number of analytical methods. These methods included optical

mapping, SEM photomicrography, Raman spectroscopy and surface

profilometry. Because of its unique nature as a substrate material

and its large diameter, the characterization of HAC-GLAS-13-2
substrate surface required a more extensive analysis than that of the

much smaller triboflats and thickness monitors. Since similar work

had been performed previously for both a- and B-SiC triboflats, the
majority of the work reported here focused on the characterization
of the mirror's surface after diamond deposition, but before

polishing. The characterization of the diamond coated substrate

surface after Dolishing will be presented under separate cover.

The comprehensive information derived from these various

examination techniques was employed to:

1) Judge the quality and adhesion of the diamond films on

the various substrates to determine if these films can be

polished (a) without delamination, and (b) to

sufficiently high finishes using conventional (diamond-

on-diamond) polishing techniques;

2) Enhance the fundamental understanding necessary to

develop the optimum substrate/film combinations for

superior adhesion, film structure, morphology and growth

characteristics;

3) Provide feedback to Crystallume so they can further

optimize their deposition variables and techniques.

FF- 3
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DEPOSITION OF THIN POLYCRYSTALLINE DIANOND FILMS

The object of this endeavor was to have Crystallume deposit

thick diamond films on a number of different substrates. These

films find use in both optical and tribological applications.

Based on their previous work, Crystallume chose those deposition

variables which produce the highest quality films in terms of

diamond (sp3 ) bonding, nucleation density and growth

characteristics. The diamond films were deposited by a DC plasma-

enhanced chemical vapor deposition process (PECVD). To conserve

reactor usage and space, the triboflats and thickness controls were

placed on the outer region of the substrate blank. Because the DC

plasma-based deposition method typically yields the highest quality

film but has a slow growth rate, the total deposition time was

approximately 14 days for the substrateblank, 8-SiC coated silicon

triboflat and the two thickness controls. The polycrystallinea-SiC

triboflats were removed from the chamber after only half the

deposition time for unknown reasons. Additionally, Crystallume

reported that a thin brown film formed on the chamber walls during

the process. It is believed that it originated from volatile

species emanating from the substrate blank; however, Crystallume

performed no chemical analysis on this residue.

EIC-GLAB-13-2

T'h advanced ceramic composite blank, designated as HAC-GLAS-

13-2, was developed for use as a low expansion, highly thermally

conductive composite material (2). Because this composite consists
of a hard glass-ceramic matrix and a softer highly graphitic fiber,

it is inherently difficult to polish a uniformly high surface

finish. Therefore, one of the primary design considerations was to

find or develop a highly abrasion

FF- 4
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resistant optical coating which would provide the necessary thermal

properties (high conductivity and low expansion) while lending

itself to polishing to the required surface finish. Optical

specifications require a final surface roughness in the range of 10

to 25 A RMS(2 ) . Diamond films have exceptional promise for this

application provided that the proper deposition and polishing

techniques can be developed.

The substrate employed here was fabricated under a

Hughes IR&D program. The fabrication process included sintering

and subsequently hot-pressing the substrate blank constituents, then

polishing to a surface finish of about 200 A RMS. The polished

blank was then coated with a 38 pm thick layer of CVD 8-SiC and

then polished a second time. Because the polishing rate of the

first mirror face was too rapid, the S-SiC film was completely

removed from that surface. Due to the high stress gradient that

developed between the coated and uncoated surfaces, the blank

(reinforced with Z-direction fibers only) bowed. As the

consequence, the 8-SiC on the opposite faced cracked and crazed
extensively. Since the coated surface was no longer sufficiently

flat (the top to bottom bow was worse than the left to right

equivalent), the CVD 8-SiC film was removed from the outer

regions during polishing, exposing the composite underneath.

Although thissubstrate blank, which was fabricated early in the IR&D

program, was not the optimum choice in terms of thermal conductivity

and its initial surface condition, it was used for this study

because of its immediate availability. Furthermore, the diamond

was expected to adhere well at least to the O-SiC coating covered

portion, if not everywhere.

Characterization of the 8-SiC coated surface was completed
before polishing of the diamond film was attempted. Low

magnification optical surface mapping of the HAC-GLAS-13-2 substrate

blank was performed both before and after diamond deposition to

FF-5
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define those surface conditions which may have an effect on film

characteristics. To determine the structure and morphology of the

diamond films, Crystallume performed Raman spectroscopic analysis

and SEM photomicrography before the samples were returned to

Hughes. Upon receipt, we repeated the optical mapping for

comparison with the pre-deposited surface. Additionally, energy

dispersive x-ray spectroscopy (EDX) and additional SEM

photomicrography was done to augment the information provided.

Also, we re-examined the surface at various locations across the

diameter to measure the surface roughness, film thickness and

height variation across the diameter of the mirror blank.

OPTICAL MAPPING AND OEN MICROSCOPY

Optical MapRina Prior To Deposition

Before the substrate blank was sent to Crystallume for diamond

deposition, the surface morphology was carefully mapped and

recorded photographically in a series of over 20 optical

photomicrographs. Figure 1 shows the substrate blank just before

deposition. Both the B-SiC and bare composite regions are

indicated. Additionally, this photograph shows surface

discoloration in the center of the blank, attributed to entrapment

of moisture or binder material under the essentially transparent

CVD 8-SiC film. Figure 2 indicates the various other types of

surface defects found. As discussed previously, extensive cracking

and crazing can be observed throughout the entire S-SiC coated

surface region. Additionally, other surface irregularities such as

chips and regions of exposed(bare) composite were photographed to

determine their effect on the localized nucleation and growth of

the diamond film. A complete set of our optical photographs was

sent with the substrate blank to Crystallume for their review.

FF-6
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Optical and SEM MaDDina After Deposition

Figure 3 shows the surface after the deposition of the

thin polycrystalline diamond film. Several surface features and

defects are readily observable even at the low magnification. The

five areas where the triboflats and thickness monitors were located

are readily observable and are indicated numerically in Figure 3.

In addition to the five triboflat locations, other surface

irregularities can be seen in this photograph. Two shadowed

regions close to the perimeter indicate that the triboflats may

have been moved (or changed positions inadvertently) during

deposition, although no indication of this was reported in

Crystallume's report. As mentioned above, the two

a-SiC triboflats were in the chamber for the first half of the

total deposition, then were removed for unexplicable reasons.

The nucleation and growth of the diamond were disturbed by the

crack network and chips in the S-SiC. Figure 4 shows numerous

chips throughout the diameter of the surface prior to the

diamond deposition. A uniform coating covered the smaller

irregularities; but, for the larger chip which extends into the

substrate, the deposition was irregular within and around local

areas of the chip. To determine the effect of the extensive

cracking in the 8-SiC film, a series of photomicrographs (see

Figure 5) compare the pre- and post-diamond coated deposition

surface condition. Figure 5 indicates that in the central region

where the depoeition characteristics are typically the best, the

cracks were coated uniformly and the topography of the diamond

surface is virtually crack-free. In the outer regions where the

substrate surface was in poorer condition, the crack network was

retained after deposition. Although the coating is more facetted

and non-uniform in the regions where the composite was exposed,

these protomicrographs show that diamond will nucleate and

grow on the bare composite. Although we expected poorer film
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characteristics in the regions where all of the CVD B-SiC interface

film had been removed, we found that the diamond film was uniform

and followed the topography of the composite surface. The SEM

photomicrographs (Figure 6) indicate that the structure of the film

is smoother and has a cauliflowered appearance in the central

region and becomes rougher and more facetted in the outer

peripheral regions. This finding is not in agreement with the

average surface roughness traces which indicate that the surface is

rougher in the central region.

Figure 7 shows a region of interfacial diamond film

delamination where the cracks evidently extend from the substrate

into the film. It is also apparent that the delamination perimeter

followed the crack structure and boundaries. From this, we can

conclude that the crack network in the B-SiC film affects both the

interfacial and interfilm adhesion. Further examination of the

crack structure in other locations shows that fracture is primarily

intergranular in regions of cauliflowered morphology and

transgranular in the facetted regions (Figure 6).

RAMAN SPECTROSCOPIC ANALYSIS

Basic Concepts

Raman spectroscopy is a powerful tool for the characterization

of diamond and diamond-like carbon (DLC) films and has been studied

by a number of authors for such uses (3-12). The reported Raman

spectra vary depending on the film structure, but all are a

combination of spectral peaks characteristic of amorphous carbon,

graphitic and diamond structures. Common peaks for these films

include the characteristic diamond (sp3 ) line at 1332.5 cm- 1 and

the (sp2) graphite peak near 1575 cm-1 . Both the diamond and

graphite peak locations have been unambiguously identified, but may

shift and broaden due to impurities or crystal defects. Other
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peaks have been attributed to amorphous carbon, carbon-hydrogen

bonding or regions where the major phase is not sufficient to

provide a well-defined signal. Because the scattering efficiency

is much higher for graphite than diamond (approximately 55

times)(8), the Raman spectrum is an especially sensitive method for

determining the phase purity of the film. The ratio between the

relative intensities of the diamond peak (1332.5 cm- 1 ) and the

graphitic peak (1575 cm- 1 ) can lend qualitative information on the

film purity with respect to concentrations of graphitic impurities.

In addition, the full width at half maximum (FWHM) of the diamond

peak can provide information on the crystal perfection. Natural

diamond has a FWHM in the range of 2-2.5 cm- 1 . Synthetic

polycrystalline diamond typically has FWHM in the range of 7 to 10

cm-1 (8). The line widths become narrower with increasing quality

and crystal perfection of the films.

When the films are deposited on hard substrates, studies have

shown the locations of the characteristic diamond and graphitic

peak shifts. It has been suggested that this is due to interfacial

stresses between the film and the substrate (3,4,12). With further

definition and clarification, this information may be valuable in

predicting the adhesion of the films to their substrate, a very

important consideration in practical applications.

Raman Spectra Of HAC-GLAS-13-2

Raman spectra were taken in three different locations across

the diameter of the blank (see Figure 8). Each show a strong peak

at 1330 cm- 1 indicating a high degree of diamond sp3 bonding. The
shift in wavenumber from the characteristic 1332.5 cm- 1 indicates a

high degree of interfilm stresses and interfacial stresses between

the substrate and the diamond film. The peak at 1538 cm- 1

indicates the presence of either an interfacial sp2 (graphitic)

nucleation layer or other graphitic contamination. Since the
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sampling depth of Raman probes at normal incidence can be as large

as 10 to 20 pm, determination of the depth (location) of the sp2

contaminant is not conclusive using this technique.

In the three locations where spectra were taken, the broad

peak located at 1536 cm-1 (Figure 8) shifts and becomes slightly

sharper towards the center of the substrate. This indicates that the

structure of the carbon/graphitic phases change slightly. Because

the peaks are broad and do not have well-defined peaks, the exact

structure of the carbon cannot be identified. In addition, the

characteristic diamond peak (1330 cm- 1 ) is sharpest in the spectra

taken at the center of the mirror. With exception to these subtle

differences! the peak intensities and locations are generally

constant within the three areas measured.

BURvACE PROFILOMETRY

The coating thickness of the various samples was determined by

a series of profilometric measurements. To determine the true film

thickness on the substrate, Sloan Dektak surface traces were taken

across the steps where the thickness monitors had been located

during the deposition (Figure 9). These traces indicate that, at

least in this localized region, the thickness ranged from 4 to 7)pm.

Crystallume cross-sectioned one of the silicon thickness

monitor flats and measured the film thickness by SEM

photomicrography. They report that this thickness measurement is

generally representative of all the films grown during a given

deposition period because, after the initial nucleation, the growth

rate becomes substrate-independent. The value that we measured by

profilometry is lower than the thickness value that was determined
by cross-sectioning one of the thickness monitors (9 pm).
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The locations where the three triboflats (two a-SiC and one

8-SiC coated Si) masked the substrate were measured to indirectly

determine the film thickness on the flats themselves (Figure 10).

These measurements indicate that the films were 4 to 5 pm. Table 1

summarizes the results of the surface profilometer measurements.

Since Crystallume reported that the samples were in the deposition

chamber only for half of the total deposition time, we would expect

this value to be approximately half that of thesubstrate . The

differences that arise between our values and those reported by

Crystallume may be caused by the following:

1. Any shadowing effect around the I to 2 mm thick flat

coupons would decrease the magnitude of the step between

the coated and the uncoated regions (13). This would

render our value lower than the true thickness in the

regions where shadowing is a problem.

2. Because the thickness monitors are closer to the gas

inlet than the mirror surface upon which they rested,

their deposition rate may be greater than that of the

mirror surface. The end-result may be that

Crystallume's value is greater than the true substrate film

thickness.

Prior to polishing the diamond film on thesubstrate, it was

essential to establish the relative height variation across a

diameter. If the height variation is greater than the thickness

of the film at any location, portions of the film will be totally

rprnoved during polishing. Therefore, absolute magnitude of the

height variation was measured using an unfiltered Taylor-Hobson

profilometer trace (see Figure 11). Because of the bowed geometry,

we expected the absolute magnitude to be different from side-to-

side than from top-to-bottom. The results are summarize4 in Table 2.

As expectea, the relative height variation from top-to-bottor
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(15 um) was greater than the estimated thickness of the diamond

film (4-9 pm).

Additionally, surface roughness measurements were performed

across the diameter of the substrate's surface. The roughness trace

indicated that the film is smoother in the outer regions and

becomes rougher toward to center (Figure 12 shows representative

profiles from the bottom, middle, and top of the trace). The

average surface roughness is approximately 2500 A. These results

correlate with past work which indicates that the surface is more

facetted in the regions of higher growth rate. For this particular

deposition technique, the highest growth rate region is in the

center and decreases by approximately ten percent in the outer

regions. However, these results do not correspond with our visual

(i.e., SEM) examination of the surfaces on these areas (Figure 6).

The most important result of these measurements was, again,

the fact that the height variation was much larger than the
thickness of the film. Therefore, uniform mechanical polishing of

the surface was not viable and hand polishing of selected regions

was our only option. Also, to achieve the necessary surface

finish, the peak-to-valley ratio must be initially such that will
0

allow the surface to be polished to 15 A RMS. From our

observations, this implies that a cauliflower diamond film

morphology may be the best choice.
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ENERGY DISPERSIVE X-RAY ANALYSIS

In addition to the chemical information derived from Raman

spectroscopy, EDX (X-ray Dispersive Spectroscopy) was performed to

determine if other contaminants were present. Additionally, EDX

results for different locations on a specific substrate allow

qualitative comparison of elemental content. The results of this

analysis show that in the diamond film covering both the HAC-GLAS-

13-2 blank and the silicon carbide samples, a uncharacteristically

high level of silicon is present (Figure 13). We have not detected

silicon impurities in any of our previous thick film deposition
with either a- or 8-SiC substrates. Since the sampling depth using

EDX is on the order of 2 Am for this material, the presence of
silicon is not a result of sampling in the substrate. A more

probable explanation involves silicon transport from the lithium-

aluminum-silicate substrate, incorporated by vapor transport into

the actual diamond lattice structure(14 ). Since the matrix of the

composite is a silicate glass, it must have been the source of the

silicon. Although the effects of this will show in the Raman

Spectra, the peak location is much lower than the wavenumber range

sampled.

CONCLUSIONS

The surface morphology of the CVD diamond film appears to be a

function of the radial position on the substrate's surface. Toward

the center of the mirror's surface, the morphology is more

cauliflowered; toward the outer regions it becomes more facetted.

In the regions where the bare composite was exposed, the surface
morphology showed uneven growth rate and larger crystallites than

the area that was fully coated with the 8-SiC. Nucleation was good

on both the 8-SiC coated and the bare composite regions. The

surface irregularities, chips, cracks, and other more minor defects

affected the localized diamond nucleation and growth
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characteristics. The indications are that the surface topography

prior to deposition must meet or exceed the requirements of the

final surface condition with respect to defect-free morphology.

The relationship between substrate surface finish and diamond film

growth characteristics and morphology are connected but not fully

understood.

The adhesion of the film was compromised due to the cracked

structure of the s-SiC substrate film. In the center of the substrate

blank (where the growth characteristics seemed to be the best), the

diamond coating uniformly covered the crack network and showed no

visual evidence of localized disturbance. In the outer peripheral

regions, the crack network propagated into the diamond film. At

one location, the cracks in the diamond film merged and a large

chip of the diamond film delaminated interfacially. It was

visually evident that the perimeter of the delamination followed

the network of the cracks in the S-SiC.

RECOMMENDATIONS

To develop the optimum diamond film characteristics in terms

of defect free morphology, the substrate surface must meet or

exceed the final substrate requirements prior to diamond deposition.

Because of the size limitations of the present PECVD method, the

size of the substrate surfaces must be kept to a minimum. The

outer limit of the diameter at this time is four inches. The

variation in film thickness is 10% even for the best possible set

of conditions and deposition variables.

The substrate material, ite processing, and coating must

be developed with several considerations in mind. In addition to

the inherent requirements necessary for the substrate , the

substrate surface must be suitably treated to provide the optimum

nucleation and growth conditions. The deposition variables must
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produce the best quality films in terms of morphology, (i.e.,

whether facetted or cauliflowered, crystallite (grain) size, and

chemical structure. It is apparent that many of these

characteristics can not be fully controlled at this time.

Additionally, the need for ever-larger substrate demands further

studies as to the possibility of reliable scale-up of the present

CVD technique and apparatus.

B. L. Soriano, Member of the
Technical Staff

B. W. Buller,
Developmental Engineer Specialist

Approved By: -cietis

M. N. Gardos, Scientist
Materials Technology Laboratory

Attachment
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SUBSTRATE DIAMOND FILM MEASUREMENTTHICKNESS (urn) METHOD

HAC GLAS-13-2 4.2 o( -STEP-

a,-SIC Triboflat 4.1 q -STEP

oL-SiC coated single 5.1 € -STEP
crystal Si

Thickness monitor 4.3 u(,-STEP
(Single crystal Si) 7.0

4.26"

Thickness monitor 9.0"** Cross-sectioning
(Single crystal Si)

Table 1. Summary of the diamond film thicknesses as deposited
on the various substrates and the corresponding measurement technique
used.

TRACE DIRECTION HEIGHT VARIATION
ACROSS DIAMETER

Bottom to Top 600.8 uin
(15.2 um)

Right to Left 168.7 uin
(4.3 um)

Table 2. Summary of surface height variation as a result of
bowing of the HAC GLAS 13-2 composite.

at{-Step was measured using a profilometry trace across the diamond coated region and
the region masked by the small flats.
#. Three measurements were performed.
... Crystallume performed cross-sectional thickness measurements.
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MATERIALS SCIENCE DEPARTMENT

ANALNTI C L_ C- E TRY LA&PBORATOUR Y

* REPORT *

TOs SOURCE CODE LOC BLDG M/S PHONE
Mike Gardos 76-21-01 EO El F150 616-9890

FROM: SOURCE CODE LOC BLDG M/S PHONE
Phil Magallanes 76-21-11 EO El F150 616-6069

I SUBJECT: DATE
Crystallume Diamond Films -- Analysis by FTIR 18 Dec 198

mmmmim--------------------------mmmmmmmm ---------- mmmmmmmmmm m -mm

Two free-standing diamond thin films on silicon surrounds were studied to
determine if cwrganic contamination was present.

The study was performed using a model FTS-40 Fourier Transform Infrared
(FTIR) Spectrometer (BIO-RAD, Digilab) with an IR-PLAN optical/FTIR
microscope (Spectra-tech). The IR-PLAN microscope uses a 15X reflecting
Cassegrainian objective. A lOX Cassegrainian is used as a condenser for
the beam as it passes through the sample. The FTS-40 was set at 8
wavenumber resolution for optimum signal to noise. A wide open aperture in
the microscope resulted in an 800 micron diameter field of view.

The two diamond films were quite different in appearance. One appeared to
be quite clear and transparent. The other appeared to be quite hazy and
nearly opaque. Neither sample was marked. The outside of the plastic

I package was labeled

EASI-51-N
-15,
-16.

Clearly, the numbers 15 and 16 refer to sample numbers. In this report,
the samples will simply be referred to as "clear" and "hazy."

First, the clear film was examined with a wide open aperture. A single
beam spectrum was obtained which was ratioed against an open background.
Two broad absorptions appeareds a major peak at 808 wavenumbers and a
moderate shoulder at about 1010 wavenumbers. The other weak absorptionsappeared to be left over from the water vapor mismatch between the sample
and the backgound. No absorptions could be attributed to organic material
since no evidence of C-H, C-O, or C-F bonds were present.

I -



The hazy film was also examined with a wide open aperture and rationd

against an open background. The resulting infrared spectrum appeared
similar to the spectrum of the clear film. Again, no organic absorptions
were detected.

Finally, a small (40 X 30 micron) blue spot which appeared on the clear

film was examined with an appropriately apertured beam. A few small broad

peaks appeared in the spectrum, but unfortunately, none could be

attributed to organic material.

Even though the hazy film appeared to be quite opaque, it was quite

transparent to the infrared beam. The height of the interferogram for the

wide open beam measured 5.90 volts. The interferograms for the hazy sample

and the clear sample measured 4.55 and 4.64 volts respectively showing

little ±fferences in infrared transparency.

CONCLUSION

An optical/FTIR microscope was used to examine two diamond thin films by

transmission. No evidence of organic contamination was found on either

film.

'OhlI I br-agal l anes

UI
Ui

I

I



to

* - _ -- _ - zU

.I _ _a

I - -. -L.

U:I ~~~ ~ ~ ~ ~ ~ c -.-------- 0----- .

I~~~~~L w-~-___ __ _

IN -



* In

It-a

___ _______ U

_ _ _ _ _ _

aR c m

di 15; - ; Gi ai

I.-(AN 4 N



-. ~ ~~~~~~ ---------.. . .----- --- - --- - - - -

*r -
D

~~- ----- -. ~ .

<

LLJ

- .... )1U .. . .I -.--- . -. ---. .___ -

tn

LU . a;

33NvMbOSOV



MA THR I AL SC IENCE DE~L8I IX
ANI ALYTr I CAL. C H~ I STR~Y IABQ )RATORY

]RJ ORT

______ouRO= ACC BW _W_ XT_

TO: Mike Gardos 76-21-01 EO El F150 616-9890

FROM: P.G. Magallanes 76-21-10 EO El F150 618-6069

SUBJECT: Wide Wavelength Spectrum of Diamond Film DATE 3-02-89

The spectrum of the thick diamond film (6-8 microns) made by
Crystallume was obtaind in the ultra-violet, the visible,
portions of the near-infrared, and the middle infrared.

The UV/VIS/NIR spectrum was obtained with a CARY 2300
spectrophotometer. The slit height was set to 1/3.
Approximately 80% of the beam energy was available to the sample
which is more than enough to produce a spectrum with good signal
to noise.

The middle infrared spectrum was obtained with a DIGILAB FTS-40
spectrometer. Two volts of signal strength were available out of
a possible ten. Again, this is more than adequate energy. The
spectral range was extended to 22 microns. Plots were obtained
in both absorbance and percent transmittance. Spectra were taken
with both the dull side and the shiny side facing the beam.
There was no discernible difference between the two spectra.

PhiliG. Ma galanes
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Oxidation and Fluorination Studies of Diamond

J. L. Margrave, R. H. Hauge, R. B. Badachhape

and Donald Patterson

Work Reported Through October 31, 1987

Surface oxidations and fluorinations of diamond powders have been

conducted to determine optimum temperature ranges for reactions, optimum

flow rates for reactions and also to test different experimental techniques

for characterizing surface reaction products. Thus, we have utilized

microbalance methods for measuring actual weight gains in fluorination and

different infrared spectroscopic techniques for detecting surface reaction

products.

A. Direct Fluorination of Diamond Powders

Direct exposures of diamond powdered samples to pure fluorine at

various temperatures, times and pressures show minimal weight changes evep

up to 8500C. Previous work with large diamond crystals showed weight

changes at 9500C and up to 11000C. Bulk IR spectra did not indicate C-F

bonding.

It appears (and is explained in Part B) that initial exposure of

diamonds to fluorine creates a thin protective "FluoroFilm" which then does

not undergo further reaction up to 850 OC. Although not detected here, the

DRIFTS spectra below give definitive evidence for the existence of a

protective "FluoroFilm" on the "Dia-Fluor" crystals.

11L-1



B. DRIFTS Studies of Oxidized and Fluorinatea Diamond Powders

Preliminary studies of the effects of fluorination and oxidation on the

surfaces of diamond powder (diameter less than 0.5 p, supplied by Industrial

Diamond Powders, Inc.) have been carried out using Diffuse Reflectance

Infrared Fourier Transform Spectroscopy (DRIFTS). Untreated diamond powder

was used as supplied and reacted with F2 and/or 02 (Air Products) in a

specially designed flow apparatus. The F2 and 02 were passed over the

diamond at a flow rate of 5 cc/min at a variety of temperatures (range: 200C

- 1940C) and times (range: 4.5 hrs. - 24.5 hrs.). DRIFTS spectra were

collected using 3% sample in dried 99+% KBr (Aldrich) and were processed by

use of the Kubelka Munk function.

The spectra of unreacted diamond powder showed significant peaks at

ca. 3500 cm-1 (very broad) and 1265 cm-1 (medium) which indicate the
LAnother broad peak aL ca. 1750 cm points to the presence of C=O a_ gu
presence of OH and CUC groups, respectively, on the surface.-yUpon oxidat on

of the diamond (02 at 184 C for 4.5 hrs.), the peak at 1265 cm-1 wa.

enhanced, the OH peak was decreased, and the carbonyl peak was unchanged.

Passing F2 over either the untreated diamond or the oxygenated diamond at

191 0C for 4.5 hrs eliminated the OH and COC peaks associated with oxygen and

gave rise to new peaks at 1330 and 1084 cm-1 (a CF2 symmetrical stretch and

C-F stretch for bond order less than i, respectively). An intense broad

peak centered at 740 cm-I was also noted which may be due to bridging

fluorines on the diamond surface or to M-F stretches caused by metal oxide

impurities in the powder. The C=O stretch was shifted to 1844 cm
- 1

indicating the presence of neighboring fluorines to the carbonyl species.

Some of the fluorinated diamond powder was further subjected to oxygen

at 1910C for 4.5 hrs. The IR spectrum obtained from this sample showed

122



virtually no change from the previously fluorinated diamond spectrum. There

was no evidence of a recurrence of the OH or COC peaks; however, there was

a slight shift to 1825 cm-1 for the carbonyl peak. It is apparent that the

E, treatment of the diamond has made the diamond fairly stable against

further oxidation.

In temperature and time of fluorination studies on the diamond powder,

it was found that fluorine was reacting with the diamond at ambient

temperatures in 4.5 hrs. The peaks associated with 02 (i.e., the OH and COC

peaks) could be totally eliminated by passing F2 over the diamond at 20
0C

for 24 hrs. In the longer fluorination, the species showing the greatest

growth was that associated with the 740 cm-1 peak. Obviously, the species

related to this peak needs to be better characterized.

Conclusions

1. Both 02 and F2 reactions with diamond surfaces are extensive in the

20-194oC temperature range as shown by DRIFTS studies.

2. Passing F2 over untreated or oxygenated diamond at 191 0C eliminates OH

and COC peaks and gives rise to new C-F characteristic peaks. The

carbonyl peak is not eliminated but is significantly shifted.

3. Once a diamond sample has been fluorinated, e.g., at 1910C, the surface

is inert with respect to further oxidation.

Future Plans

1. Surface fluorination/oxidation studies at higher temperatures will be

conducted on diamond powders.

2. Similar fluorlnatlon/oxidation studies will be conducted on diamond

sl,,bs and the surfaces evaluated using ATR, ESCR and Auger techniques.
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3. The stabilities of "fluorodiagnonds" in oxidizing atmospheres will be

established over a range of temperatures.
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