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Abstract 

Research has been directed toward use of economically viable ion processing strategies for 
production and improvement of hardcoatings. Processing techniques were high-energy ion 
implantation and electron cyclotron resonance microwave plasma processing. Subject materials 
were boron suboxides, Ti-6Al-4V alloy, CoCrMo alloy (a S tellitem), and electroplated Cr. 
These materials may be regarded either as coatings themselves (which might be deposited by 
thermal spraying, plasma processing, etc.) or in some cases, as substrates whose surfaces can be 
improved. Hardness and other properties in relation to process variables are reported. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information. apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



Tnmxluctioq 

Research in the area of dry coatings and other dry processing of materials is being driven by 
various national needs. There is a need to reduce hazardous liquid discharges and to improve 
workplace environments. The most important current example in this category is the search for 
replacement coatings for electroplated hard chrome. This need has arisen primarily because of 
carcinogenicity and other forms of toxicity of hexavalent chromium. In addition to improving 
safety and the environment, dry processing is expected to contribute to achievement of 
nonexclusive and related goals such as production of superior hard and corrosion resistant 
coatings, providing for compatibility with other advanced manufacturing techniques, and 
helping to ensure national competitiveness, the national defense, and conservation of 
energy/transportation/materials. 

The present paper will report current results for two different classes of materials as processed 
by two respective ion processing techniques. (1) Production and properties of boron suboxide 
hard films, made by use of electron cyclotron resonance (ECR) microwave ion plasmas, will be 
described. (2) Hardening versus nitrogen ion fluence for a Ti-based alloy and for a CoCrMo 
alloy, which were high-energy ion implanted in a beam system, have been measured. Results 
will be compared to relevant bench mark values. 

Boron metal is one of the hardest elemental materials and is biologically very safe. In addition, 
boron forms hard compounds and phases with other light elements (C, N, and 0). However, use 
of such materials as films on substrates for tribological coatings has been difficult in the past 
because of factors such as high temperatures needed for synthesis of the films or the brittle and 
intractable qualities of presynthesized material. Plasma processing has emerged as a form of 
energetic processing, which can perform thin film depositions with enhanced control over 
particle energies. This type of deposition, which can also be done at moderate substrate 
temperatures, has led to research in formation of hard films based on boron. Formation of cubic 
BN [1,2] has been perhaps the most prominent example. As a class of materials, the 
borodoxygen system also offers interesting possibilities for tailoring of materials. The hardest 
suboxide phases (BxO, x>l) have hardnesses as high as that of sapphire, which is substantially 
greater than that of B2O3 [I 1. The latter compound, however, can form a highly lubricious layer 
because moisture in the air reacts with the surface to form boric acid [3]. Thus, it might be 
possible to form materials with highly optimal properties based on the borodoxygen system. 

ECR microwave plasmas have been used to deposit boron suboxide films. Film properties have 
been measured by use of the nanoindentaion technique. Approximately optimal process 
parameters and film concentrations have been identified. 

It has been accepted for about ten years [4] that direct ion implantation of nitrogen into certain 
alloys often produces important tribological benefits. Not surprisingly, the most favorable 
alloys for treatment are based on strong nimde formers such as Ti or Cr, or at least the alloys 
contain appreciable concentrations of such constituents. Hard nitride particles are precipitated 
in the near-surface region, and hardening occurs by the “dispersion hardening” principle, which 
also allows some ductility along with increased hardness. Although the depth of treatment is 
shallow, high energy ion implantation allows N penetration without added heat, as is required 
by the traditional ion nitriding treatment. It has also been found [SI that ion implantation of 
electroplated chrome , itself, produces favorable effects. Industrial exploitation of these results 
has been limited, in no small part by the costs of the process. Now the technique of plasma ion 
implantation is being developed as a possible avenue to cost reduction [6] .  Also, the need to 
replace or improve electroplated chromium has helped to renew interest. The two alloys, Ti- 
6AL-4V and CoCrMo, are representative of alloys that might be useful as substitutes for 
electroplated chromium. 

The contribution of the present paper was intended to help place the practice of hardening by 
nitrogen ion implantation on a better design footing. The nanoindentation hardness technique 
and the atomic force microscopy (AFM) technique have been used to study hardness and 
topography versus nitrogen ion dose for a Ti alloy and for a CoCrMo alloy. Ion implantations 
were performed by the beam technique. The results can be considered in relation to hardnesses 



of potential abrasive agents, reasons for ultimate hardenability, comparative properties of 
baseline hard chrome, and other factors. 

Experimental Procedures 
Analvtical Tech niaua 

Analytical and measurement techniques have included Rutherford backscattering spectrometry 
(RBS) [7] with 2.0 MeV He ions, nanoindentation hardness (Nanoindenter II, TM) [8,9], AFM, 
optical microscopy, white light interferometry (Zygo New View 100, TM) optical microscopy, 
and stylus profdometry. RBS was used, where stated below, for confirmation of dosimetry, to 
determine composition of films, to determine composition of implanted layers, and to prove 
amorphization. Principal results for both experiments were from the nanoindentation technique. 
For these measurements, indenters of the Berkovich geometry were used, one for the alloy 
experiment and one for the boron oxide experiment, 
Allov Sa mDla  

Alloys used for direct ion implantation were a CoCrMo alloy and a Ti-6A1-4V alloy. The 
composition of the CoCrMo alloy was approximately 63 wt. % Coy 30 wt. % Cry 7 wt. % Mo, 
and c 1 wt. % C. The material was in an as-cast condition, and the carbon was precipitated as 
large carbides, presumably of the M23c6 composition (M = Coy Cr, and Mo) [lo]. Composition 
of the Ti alloy was 6 wt. % A1 and 4 wt. % V. Coupons of the Ti alloy were metallographically 
polished by use of a colloidal silica compound, and coupons of CoCrMo were polished either by 
use of diamond paste or by use of a colloidal silica. The Ti alloy was a-p stabilized, and the 
CoCrMo alloy contained the carbides. The microstructure of both alloys was well revealed by 
the mechanical polishing. This result was apparently due to different hardnesses of the 
respective phases. Nevertheless, there were important differences in the samples. Profilometry 
(1-mm-trace lengths) gave arithmetic average surface roughnesses (Ra) of about 3 nm for the Ti 
alloy and about 30 nm Ra for the CoCrMo. These are both excellent fmishes by most standards, 
but the reason for the factor of ten difference appears to be differential hardness (see below). 

Rutile Hard Chrome Samples 

Rutile crystals for hardness comparison and for amorphization were polished by use of colloidal 
silica, also. Roughness values (Ra) were about the same as for the Ti alloy. The hard chrome 
plated coupons, used for hardness comparisons only, were tested in the as-plated condition. 
They were plated to a thickness of 0.005 in. onto shop-polished, mild-steel substrates, and 
contained about 40 at. % H (per RBS). Over a broad area near the center, there was a cellular 
structure with flat cells of 25 to 50 pm in breadth and boundaries and cracks in between. The 
structure transformed to the nodular quality near the perimeter of the coupons. Hardness 
measurements were done near the center. 

Ion Implantations 

Nitrogen ion implantation of alloys was done by use of a magnetically analyzed beam system 
with a Freeman ion source. Sample vacua were about 5 x IO7 Ton, and temperatures were held 
at near room temperature. For the Ti alloy, the fluence values were divided onto two energies, 
17.5 and 60 keV, so as to produce a rather flat profile out to about 150 nm. The ratio of 60-keV 
fluence to 17.5-keV fluence was 3.25. A similar plan for the CoCrMo was used, but doses were 
divided onto three energies, 17.5,42, and 100 keV so as to produce treatment over about the 
same depth for the CoCrMo alloy as for the Ti alloy. RBS was done for selected samples in the 
series to confm that the depth range was correct for room-temperature treatment and that the 
concentration was as-expected. 

Amomhizah 'on of Rutile 

A rutile crystal was amorphized to a depth of about 400 nm by ion implantation of a dose of 
2 x 1016/cm2 of 160-keV argon ions, with the crystal held near 77 K. Amorphization was 
confirmed by use of RBS/ion channeling analysis. 



Boron Oxide Film Deuosition 

Boron oxide films were deposited onto degreased Si and sapphire substrates by use of an 
electron cyclotron resonance microwave plasma system. The sample stage was capable of rf 
bias. The system and results have previously been described in more detail [ll]. An effusion 
cell, operated at about 2200°C, was used to inject elemental B into a plasma that had a gas 
content of 99.3 % Ar and 0.7 % 0 2 .  Pressure was controlled at constant gas input rate by 
controlling the pumping speed. The resonant magnetic field of 875 gauss for a microwave 
frequency of 2.45 GHz was at 13.4 cm from the substrate surface. Resonance broadening 
results in absorption in the mid-900 Gauss range at 14.4 cm from the substrate. Films with 
optimal properties were deposited at net microwave power of loo0 W, a pressure of 0.55 mTorr, 
and no rf bias. The sample temperature increased from 75" to 300°C during deposition because 
of plasma heating. Deposition time was 20 min, and the film thickness was 305 nm. 

Results 
Allov Sa mple Topom auhy 

For the Ti alloy, the roughness value stated above (Ra = 3nm) was confirmed by white light 
interferometry (Zygo) and AFM. AFM was also performed for the CoCrMo. Figures 1 and 2 
are AFM micrographs for the two alloys. The Ra over this small area was about 0.4 nm for the 
Ti alloy, a value which can be regarded as in agreement with the somewhat larger value for the 
long profilometer trace. For the CoCrMo, the height difference between the mamx and the 
carbide plateaus (which extended upward) was 15 to 30 nm, but Ra values for either the valleys 
or the carbide plateaus alone, were about 1 to 2 nm. Hardness values (nanoindentation hardness 
technique) will be presented in detail below. For the CoCrMo, the hardness of the carbides was 
much greater than that of the metal matrix. We note the apparent correlation between 
profilometer asperity height and carbide height (AFM); also, there was an approximate 
correlation between asperity spacing (profilometer) and carbide spacing in the optical 
microstructure. In view of these facts and the hardness difference between the two phases, it 
seems clear that the residual broad polishing texture is caused by topography due to the 
protruding carbides, which is caused in turn by relief polishing due to the difference in hardness 
of the two phases. For the Ti-6A1-4V alloy, the microstructure is much finer, the 
nanoindentation hardness is much more uniform, and the polishing texture is much smoother. 
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Figure 1. AFM micrograph of as-polished 
Ti-6A1-4V alloy. Ra = 0.4 nm. 

Figure 2. AFM micrograph of as-polished 
CoCrMo. The carbide plateaus are elevated 
by 15 to 30 nm. 



HardnessofA llov - Mate rials 

Figure 3 shows relative hardness values versus nitrogen ion fluence for the alloys, together with 
fluence-independent benchmark values for three materials, rutile (crystalline Ti&), amorphous 
TiO2, and the as-plated chrome. In the past, determination of absolute hardness values by this 
technique has been unreliable because bluntness or other geometric uncertainty in the extreme 
tips of the indenters (Berkovich indenter in this case) have caused uncertainty in calculation of 
the true Meyer areas for the indents. A newer method [9] makes use of materials of known 
elastic modulus for absolute indenter calibration. For the compilation in Figure 3, the same tip 
was used for all measurements, and the hardnesses are compared at the same indentation depth 
(50 nm). Therefore, on a relative scale, hardness comparisons should be valid. Some of the 
data have been converted using the newer analysis [9], and these results indicate that 
approximate Meyer hardness values in GPa can be obtained by dividing the values in arbitrary 
units (ordinate) by 5. Thus, the true hardnesses of rutile and hard chrome, for example, are 
about 10 GPa. Although the data are for the rather small indentation depths, the smoothness of 
the samples contributes greatly to the confidence level. The depth of a 50-nm-deep indentation 
still exceeds Ra by a factor of about 50 in most cases. On balance, the shallow indent values for 
these very smooth. samples probably give the best representation of the true properties of the ion 
implanted layers, since at any larger indentation depth, there is already some convergence 
toward the substrate property, regardless of whether the substrate is harder or softer. Many 
nonsystematic errors in micro-and nano-hardness measurements are caused by roughness, 
vibrations, etc. [12], and most cause the real hardness to be underestimated. 
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Figure 3. Hardness versus ion fluence for N-ion implanted 
Ti-6A1-4V alloy, CoCrMo matrix, and CoCrMo carbide. 
Hardnesses are compared with dose-independent benchmark 
values. 

. Results for rutile (crystalline Ti02) and amorphous Ti02 will be discussed first. These data 
were obtained to help assess the role of passive-oxide films in tribological behavior, although 
the resulting argument will remain, to a considerable extent, at the credibility level. A possible 
criterion for successful tribological performance in some instances could be that spalled oxide, 
in the interface between two wear partners, not produce abrasive wear (three body wear). 
Relative hardnesses of substrates and their own passive oxides are of interest in predicting this 
outcome [13]. Passive oxides are generally considered to be amorphous [14, 15, 161, at least up 
until certain critical thicknesses [ 161, where crystallization occurs. Ion beam amorphization of 
rutile was used to obtain a cohesive body of amorphous Ti02 for properties measurement. 



Whether properties of amorphous T i e ,  formed by this method, will resemble an amorphous 
passive oxide might be uncertain. Nevertheless, from behavior of other ceramic materials [ 171, 
it was expected that the amorphous material would be much softer than the rutile, as was indeed 
the case. The hardness values for the rutile and the amorphous oxide are presented as dose- 
independent bench marks over the width of the graph. The band of values for rutile is the 
inclusive band of mean values for different crystals. The standard deviation for any given 
crystal is typically about half of that band width. Only one crystal was amorphized. 

The hard chrome was not ion implanted and, therefore, that hardness value is also a dose- 
independent reference value. The indentation depth was up to 600 nm. There was a broad 
maximum centered at about 300 nm, at which point the hardness was about 10% greater 
(1 1 GPa), than at the end points (10 GPa). It is believed that the increase was due to improved 
discounting of roughness with depth in these as-plated samples, and that the decrease was due to 
increasingly brittle behavior for the larger stresses associated with the deeper indents. Figure 4 
shows a partial array of indents for which cracks have run from some indenter points. The 
trends described represent average behavior for the array, including indentations that did crack 
and those that did not. 

32.63 pm 65.25 pm 

Figure 4. An array of indentations by the 
Beckovich indenter. Cracks have run from 
the points of some indentations. Some 
cracks were pre-existing. 

Figure 5.  AFM micrograph of Ti-6A1-4V 
alloy implanted to an N fluence of 
6 x lO17/cm2. Ra = 1.44 nm. 

The Ti-6A1-4V alloy first gets harder with dose and then softens somewhat after a broad 
maximum. The hardness crosses the value of amorphous TiO2at a rather low dose. This 
finding may be consistent with the fact that only a small threshold dose in the same range was 
sufficient to almost completely arrest three body wear in certain tests pertinent to orthopedic 
applications [18]. The curve is rather smooth with fluence, reflecting in part the small standard 
deviation. The standard deviation decreases from about 20% of the hardness value to about 7% 
as the hardness increases and then increases noticeably from near the maximum to the end. The 
AFM result shows an increasingly grainy and brittle looking texture with increasing fluence 
(compare Figures 1 and 5). In addition, by the broad maximum in hardness, the Ti alloy 
samples have taken on a gold or yellow hue, which continues to increase in richness with dose. 
This coloration is probably because of an increasing fraction of TiN in the surface. In view of 
these three clues, it seems reasonable to suggest that the decrease in hardness after the maximum 
is due to increasingly brittle behavior. Perhaps the surface more nearly approximates a thin 
shell of polycrystalline ceramic TiN than a finely dispersion hardened alloy with some ductility. 



For the CoCrMo alloy, the metal matrix and the carbide phase behave differently. The matrix 
gets harder with fluence and then essentially reaches a plateau. The carbide first gets softer and 
then gets harder again. These trends appear reproducible, but details such as apparent scatter or 
relative offset of various points vary from one set of measurements to another. In one 
experiment, the hardness of the matrix and the carbide came much closer together at the fluence 
of 3 x lOl7/c& than for the data of the present figure. The CoCrMo matrix does not reach as 
high a hardness value as the Ti alloy, nor does it fall off in hardness at the highest fluences. 
This may be because the alloy does not contain as high a reactive metal concentration as the Ti 
alloy. The data for the CoCrMo appear to scatter more than for the Ti alloy. The reason is not 
known, since the surface smoothness values and standard deviations seem adequate for good 
measurements in both phases of the CoCrMo alloy. Perhaps real inhomogeneities due to 
proximity to precipitates, underlying precipitates, Kirkendall voids [ 101, etc. are the reason. The 
reasons for the behavior of the carbide are not known. It might seem possible to attribute the 
softening to amorphization, but the fluence dependency does not seem to be what one would 
expect for the usual amorphization of ceramics [17]. 

Boron Ox ide Films 

Films deposited for optimal properties, as described above, were found by RBS to have an 0 
concentration of 11 at %. The Ar content as determined by XPS was S1 at. %. Figure 6 shows 
the modulus results for ultralow-load nanoindentation experiments. The load ranged from 0.35 
to 27 mN for the range of indentations of 20 to about 300 nm. For the larger depths, the films 
were essentially penetrated, and the modulus values are substantially those of the respective 
substrates, Si, and sapphire. For the progressively shallower penetrations, the modulus values 
approach the value of the film (300 GPa) for both substrates. The hardness of the films was 30 
GPa, which is slightly less than that of polycrystalline B (32 to 35 GPa). Thus, the hardness-to- 
modulus ratio is considerably higher for the boron oxide coating than for pure boron. This ratio 
is also higher for the present film than for some other hard materials [ 113. A high hardness-to- 
modulus ratio is an advantage because, as a figure of merit, this ratio helps describe the degree 
to which high local loadings will be relaxed over volume as elastic strain, in comparison to the 
resistance of the material to deformation or brittle failure because of the high local loadings. 
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Figure 6. Modulus as a function of displacement for ultralow-load 
indentation experiments on thin films deposited with microwave 
power = 1000 W, pressure = 0.55 mTorr, and no rf bias. Films 
were deposited on both substrates in the same depositon run. 



Summarv and Discussion 

The hardnesses of two alloys versus nitrogen ion fluence have been measured, and the results 
have been compared to three bench marks, the hardnesses of electroplated chrome, amorphous 
TiO2, and rutile. Ultimate hardness of the CoCrMo alloy was not quite as great as for the Ti 
alloy. The reason is not known, but part of the reason may be that there is less available reactive 
metal to make hard precipitates in the CoCrMo. For CoCrMo, there was little change in AFM 
microstructure due to ion implantation, unlike the Ti alloy, for which results were shown. 
Overdosing of the Ti alloy caused a reduction in hardness. A possible reason is that too large a 
fraction of brittle material in the surface is responsible for effective softening in that alloy. 

In any case, it is clear that with appropriate alloy content and other parameterization, hardnesses 
as great as that of electroplated Cr can be produced by N-ion implantation, at least in the rather 
shallow implantation zone. For the alloys used in these experiments, key constituents are the 
same as those in alloy materials that might be thermally sprayed by the high-velocity oxyfuel 
technique. Because of ductility, such alloys might have superior stress relief and, therefore, 
superior adhesion. After finishing, such surfaces could receive final hardening by ion 
implantation. 

A possible criterion for a successful metal hardcoat is that the substrate be harder than &e 
passive oxide of the material. For Al, Ti, and 304 SS, for example, the reason for acute galling 
may be the autocatalytic. sequence of oxide spalling, abrasion, formation of more passive oxide, 
etc. The present results apparently demonstrate that for a Ti alloy, it is easy to make the ion- 
implanted layer hard enough to get over a threshold corresponding to hardness of amorphous 
TiO;?. Although the subject has not been treated, it has been found as part of the present 
experiments, that passive oxides on the Ti alloy, CoCrMo, and hard chrome are always much 
thinner at room temperature than the ion-implanted layers. 

The AFM is judged to be an extremely valuable complement to the nanoindentation technique, 
because it provides topographical information which helps to better assess the accuracy of the 
nanoindentation measurements. An argument in favor of ion implantation hardening is that the 
technique is able to preserve fine surface finishes. Thus, studies of surface finishability are also 
complementary to ion implantation studies. 

Boron Oxides 

The idea of plasma processing to produce boron-based oxide hardcoats is to use energetic atoms 
produced in plasmas to achieve chemistry that might otherwise require high temperatures or 
pressures. In the investigation cited [ 13, temperatures of 1600' to 2000'C and pressures of 
7 kbars were needed to synthesize B,O with X = 2 to 22. With plasma processing, temperature 
sensitive substrates can be coated. Moreover, it is generally accepted that advantages such as 
densification, lack of columnar structure, adhesion, and stress relief will often obtain for the 
higher energy processing. The possible influence of plasma parameters for the present synthesis 
has been discussed more thoroughly in the previous publication [ll]. Because of the 
overwhelming concentration of Ar in the plasma feed gas, most of the energy deposited during 
deposition is due to impingement of Ar atoms. For the present films, the total energy deposited 
was about 100 eV per deposited atom. 

Properties of the present coating have been compared with those of other materials in the 
previous publication [ll]. The hardness (30 GPa) of the present film (11 at. % 0) is about the 
same as that of B or sapphire but the modulus (300 GPa) is only about 2/3 of the value for these 
materials. Therefore, the hardness/modulus ratio is superior. Diamond is much harder, but the 
modulus is also greater, so the hardness/modulus ratio ranges from 0.09 to 0.13. Hardness and 
modulus values for hard carbons are quite variable. 



Ac knowled me ntS 

Research is sponsored by the Division of Materials Sciences, U.S. Department of Energy, under 
contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. The authors are 
indebted to Zygo Corporation for topogarphy determinations of the polished Ti-6Al-4V alloy by 
white light interferometry. 

References 

1. Andnej R. Badzian, “Superhard Material Comparable in Hardness to Diamond,” Appl, 

2. N. Tanabe and M. Iwaki, “Effects of Ar Ion Beam Bombardment on the Formation of 
Cubic BN in BED,” Nucl. Instr, Methods B ,  80/81 (1993), 1349-1355. 

3. A. Erdimir, G.R. Fenske, and R. A. Erck, “A Study of the Formation and Self-Lubrication 
Mechanisms of Boric Acid Films on Boric-Oxide Coatings,” Surface and Coatings Technologv, 
43/44 (1990), 588-596. 

Phvs. m, 53 (1988), 2495-2497. 

4. G. Dearnaley and P. D. Goode, “Techniques and Equipment for Non-Semiconductor 
Applications of Ion Implantation,” Nucl. Instr. Methods, 189 (1981), 117-132. 

5. W. C. Oliver, R. Hutchings, and J. B. Pethica, “The Wear Behavior of Nitrogen-Implanted 
Metals,” Metallurgical Transactions A., 15A (1984), 2221-2229. 

6. Shamim M. Malik, K. Sridharan, R. P. Fetherston, A. Chen, and J. R. Conrad, “Overview 
of Plasma Source Ion Implantation Research at University of Wisconsin-Madison,” J. Vac. Sci, 
Technol, B, 12 (1994), 843-849. 

7. W.-K. Chu, J. W. Mayer, and M. A. Nicolet, Backscattering Spectrornetrv (New York, NY: 
Academic Press, 1978). 

8. M. F. Doerner and W. D. Nix, “A Method for Intrepreting the Data from Depth-sensing 
Indentation Instruments,” J. Mater. Re%, 1 (1986), 601-609. 

9. W.C. Oliver and G. M. Pharr, “An Improved Technique for Determining Hardness and 
Elastic Modulus Using Load and Displacement Sensing Indentation Experiments,” J . Mater, 

10. Paul Ducheyne and Garth W. Hastings, Metal and Ceramic Biomaterials. Volume TI, (Boca 
Raton, FL: CRC Press, 1984), 4-9. 

&, 7 (1992), 1564-1583. 

11. S. M Gorbatkin, R. L. Rhoades, T. Y. Tsui, and W.C. Oliver, “Hard Boron Oxide Thin- 
Film Deposition Using Electron Cyclotron Resonance Microwave Plasmas,” A ~ p l .  Phvs. Lett., 

12. Peter J. Blau, The Lab Handbook of Microindentation Testing, (Oak Ridge, TN: Peter J. 
Blau) 2-5. 

13. Martin A. Moore, “Abrasive Wear,” Materials in  Enrrineering ADDlications, 1 (1978), 97- 
111. 

65 (1994), 2672-2674. 

14. J. Kruger, “Passivity of Metals-A Materials Perspective,” International Materials Reviews, 
33 (1988), 113-130. 

15. Go Okamoto, “Passive Film of 18-8 Stainless Steel Structure and Its Function,” Corrosion 
Science, 13 (1973), 471-489. 



. . I  

16. J. Lausmaa, L. Matteson, U. Rolander, and B. Kasemo, “Chemical Composition and 
Morphology of Titanium Surface Oxides,” Materials Research Society Svmp. Roc,, 55 (1985), 
351-359. 

17. C. W. White, C. J. McHargue, P. S .  Sklad, L. A. Boatner and G. C. Farlow, “Ion 
Implantation and Annealing of Crystalline Oxides,” Materials Science Reports, 4 (1989), 41-146. 

18. J. M. Williams, G. M. Bearsdsley, R. A. Buchanan, and R. K. Bacon, “Effect of N- 
Implantation on the Corrosive Wear Properties of Surgical Ti-6A1-4V Alloy, Materials Research 
Societv Sv mp. hoc,, 27 (1984), 735-740. 


