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SECTION 1

INTRODUCTION

In the construction of gyroscopic inertial instruments, the

purely structural requirements can be met through the use of instrument-

grade beryllium, but gas-bearing surfaces require higher hardness and

greater wear resistance than beryllium offers. This conflict has been

solved in past and present instrument designs in a variety of ways, but

operational discrepancies persist and a better solution is required.

This task addresses this problem through materials research directed

toward developing new materials and processes for this application.

The various types of materials and process options that have

been investigated at The Charles Stark Draper LaLbratory, Inc. (CSDL)

and several other similar laboratories are shown in Table 1. 
(1 ,2,3,4)*

Initial attempts at CSDL were directed at fabricating entire gas bearings

out of a solid piece of ceramic. Fabrication was accomplished by

sintering and hot pressing techniques. Several difficulties were

encountered in machining these materials, making the process expensive

and time consuming. Additionally, the values of thermal expansion and

thermal conductivity for these ceramics were very low.

The subseuquent ri tionale developed to solve these problems

envisio)nud Hic nf two iif ,foent materials. 0:1e material was to

formi the itrijctur,!L im mber and satisfy bulk property requirements and

Superscript numerai: refer to f;i-iilarly numbered references in the
List of rof ,renc



Table 1. Materials and process options
considered for bearing fabrication

MATERIAL PROCESS PROBLEMS ENCOUNTERED

SOLID CERAMIC SINTERING AND DIFFICULT TO MACHINE
HOT PRESSING PHYSICAL INCOMPATIBILITY

LOW THERMAL EXPANSION

POOR THERMAL CONDUCTIVITY

HARD COATINGS PLASMA SPRAYING POROSITY, ADHESION, COHESION,
(THICK) PLUS ABOVE

SPUTTERING ADHESION, COMPOSITION, STRUCTURE,
(THIN) MORE TOLERABLE THAN ABOVE BECAUSE

OF THINNESS OF COATING

MODIFIED CASE HARDENING NONE OF THE ABOVE PERCEIVED
SURFACE BY ALLOYING OF

THE SURFACE

the other was to be deposited as a coating to yield a low-friction,

wear-resistant surface. Therefore, a decision was made to investigate

both thick and thin hard coatings on beryllium as the substrate. Since

the structure of the instruments is made largely of beryllium, this

material appears most suited for bulk property requirements. Of the

several properties that are required in gas-bearing materials, the

most important ones are listed below. The classification is divided,

per the rationale discussed above, into bulk and surface properties,

to underline the need for a composite, since no single material is

expected to meet all of the stated property requirements.

1.1 Property Requirements

The following properties are considered important for evaluating

gas bearings:
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1.1.1 Bulk Properties

(1) High thermal conductivity to avoid temperature gradients;

(2) Nonmagnetic to eliminate interference with electromagnetic

circuitry;

(3) Thermal expansion compatibility with other structural

members; and

(4) Finishable to accurate tolerances of better than

1 micro-inch.

1.1.2 Surface Characteristics

(i) Low coefficient of friction for minimum bearing starting

torque;

(2) High resistance to wear from sliding, erosion, and

impact for extended bearing life and improved perfor-

mance; and

(3) Zero surface porosity for maximum gas-bearing stiffness.

For these different reasons, as well as the availability of new

coating processes like pla:sma spraying and sputtering, various films of

ceramic materials have been fabricated and studied. The thickness of

plasma-sprayed deposits currentl in use is a few thousandths of an inch.

The thickness of sputtered deuu its that have been investigated is smaller

than these by about two oders of magnitude. (Hence, the terminology

"thick film" for sptayed f-j.... t-,ind "thin film" for sputtered deposits

in Table 1) . Exam!(, i . rocesses are the plasma-sprayed

chromium oxide and a iru,< x'de coating now in use with some designs

and the sputtcr Ael,c, it,-ti nqsten carbide and titanium carbide coatings

that have been sub ec of m, development activity.
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1.2 Limitations of Present Technology

The one feature common to both sprayed and sputtered coatings

is the difference in physical properties between the coating and the

substrate. While this may be somewhat tolerable in thin films produced

by sputtering, thicker films made by spraying are susceptible to failure

from imperfect match of expansion coefficients at the coating-substrate

interface. To reduce stresses that result from differences in expansion

coefficients, spraying is generally conducted at lower spray tempera-

tures. However, this adversely affects interparticle cohesion strength,

and results in pull-outs during polishing and lapping operations and

generation of wear debris in active service. The clearance between the

mating parts of a gas bearing is only about 50 micro-inches so that even

the mildest form of wear (mildest by conventional standards) can prove

to be intolerable in bearing applications.

A more severe problem that has been found in sprayed deposits

is the presence of interconnecting porous structures in the coating.

The effect of this interconnected porosity is to provide a shunt path

for gas flow such that the hydrodynamic pressure rise is attenuated
(5)

from that attainable with a nonporous coating. This, in turn, causes

a lower load capacity and stiffness for the gas bearing. In addition

to this most severe effect, the porosity at the surface results in

effectively increasing the bearing gap beyond the physical (design)

clearance. Furthermore, although machining problems in sprayed depo-

sits are less than those for sintered products (because parts are

sprayed close to final size), they are nevertheless present albeit to

a lesser degree on a small scale.

The adhesion of the coating to the substrate is an important

consideration in wear performance. The forces that give rise to adhesion

in films made from both these processes can be both mechanical and

chemical in nature. The adhesion observed for deposits fabricated

using the arc-plasma technology is generally found to be influenced by

mechanical interlocking of the film on the external features of a
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substrate. However, in both cases, chemical forces frequently give

rise to stronger interfacial bonds. This type of bond is often termed

a metallurgical or a diffusion bond. In chemically-compatible coating-

substrate systems, the adhesion strength can be increased by depositing

films at elevated temperatures (as in chemical vapor deposition or in

physical deposition by sputtering or spraying) or by subjecting the

substrate-coating composite to high temperatures. The former approach

can result in a compressive state of the ceramic deposit at operating

temperatures, whereas the latter can result in cracking of the deposit

because of a tensile nature of the stress that will act on the ceramic

coating upon heating. Ceramic materials generally behave well under a

mild compressive loading. Poor adhesion has been the biggest problem

with sputtered ceramic coatings formed on beryllium substrates.

Sputter deposited films have also shown large deviations from stoichio-

metric composition and the presence of undesirable microstructures.

Depending on the conditions that are employed during fabrication, the

structure of sputtered films could be either amorphous or crystalline.

Columnar growth structures with poor interparticle bonding are frequently

encountered in sputter deposits.

1.3 Present Approach

As shown in Table 1, the remaining process option, the one having

the most potential for a successful gas bearing material, is case harden-

ing. The focus of this task is to perform the necessary materials

research to allow the development of a fabrication process for a

precision, wear-resistant gas bearing in this area.

Efforts in the case hardening area have been going on for about

two years and we expect to continue this activity. The approach is to

form a hard beryllium-horide surface layer on a beryllium substrate.

Two methods of producing this layer are being investigated: by reactive

diffusion (as the reaction product of a boron layer deposited on a

beryllium substrate) and by ion implantation of boron into beryllium.

5



II

All work related to reactive diffusion is being performed at CSDL.

The ion implantation efforts are being carried on through the expertise

and facilities of the U.S. Naval Research Laboratory. Analysis and

evaluation in both reactive diffusion and ion implantation are performed

at CSDL. Section 2 of this report describes the activities and status

of beryllium-boron diffusion experiments, and Section 3 describes the

efrrts of beryllium boriding by ion implantation.

6



SECTION 2

BERYLLIUM-BORON DIFFUSION EXPERIMENTS

2.1 Previous Work

The initial effort under this task was the high-temperature

diffusion treatment of flat beryllium samples coated with a layer of

boron. This activity was described in the first progress report
(6 )

on this task and is summarized here.

(1) Diffusion couples could not be formed under pressure at

up to 1000'C using B and Be discs; there was no bonding

or significant reaction;

(2) Boron slurry-coated Be samples produced no bonding

between Be and B at temperatures up to 10000 C;

(3) Sputter-deposited boron coatings (0.5 and 1.0 micron

thick) on a Be surface gave partially adherent layers

which were subsequently heat treated. Heavier deposits

(3.0 microns) using ion plating produced nonadherent

coatings which were not heat treated; and

(4) Be was heated in a boron vapor produced from a heated

commercial mixture of B4 C, SiC and KF. An adherent

coating was thought to have enough potential to warrant

the construction of a conventional chemical vapor deposi-

tion apparatus in order to allow for suitable control of

all process parameters.

7



2.2 Present Work

Subsequent to these experiments, considerable effort has been

expended to understand the reason for nonadherence of borides to the

beryllium surface. It is possible that any of the following could be

the cause of nonadherence:

(1) The type of boron (the high-temperature 0-form, the

low-temperature y-form, or amorphous boron);

(2) A barrier layer of beryllium oxide; and

(3) Thermal expansion incompatibility between Be and the

borides.

Item 1 would only have a bearing on the kinetics of the reactions;

however, Item 2 would have a serious effect on both adherence and reac-

tive diffusion. Item 3 may not be too significant a problem, if various

compounds are formed resulting in a composition gradient. Composition

gradients are known to result in strong bonding. Beryllium samples of

the earlier experiments were analyzed and found to have heavy layers

of beryllium oxide. A renewed effort was undertaken to form beryllium-

boron couples devoid of oxide at the interface.

Beryllium and amorphous boron powder were used with a unique

hot-pressing technique in an attempt to form a couple at 10001C for 24

hours in an ultraclean high-vacuum environment. The reacted sample was

composed of the following successive layers; Be, BeO, BeB2, BeB 6, and

B. The oxide layer on Be was again quite substantial. It is felt that

the boron powder may have been the source of oxygen. On the boron side

of the oxide layer, there were two distinct measurable layers of Be

borides. The first was a comparatively thin metallic gray layer and the

other a thick brick-red color layer. X-ray diffraction was used to

identify the two layers as BeB 2 and BeB , respectively. Obviously

these high-boron, beryllium-boride compounds can be formed by reaction

between Be and amorphous B at temperatures as low as 1000°C. The

sample came apart at the interface between the layers BeO and BeB 2.
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A polished section of the 13 side is shown in Figure 1. BeB 2 layer

is about 10 p thick which is comparatively dense. The next layer is

rather porous and about 200 p thick and is copper colored BeB 6 with

some BeB2 scattered throughout. The experiment cannot be called a

true diffusion test. A temperature of 10000C is too low to produce a

dense compact of boron powder, resulting in a porous and loose compact

on the Be Surface. Vapor pressure of beryllium being about 2 x 10

torr at the temperature, a large amount of the metal found its way

through the pores in the loose boron on the surface. As the vapor

moved through the boron particles the BeB 2 and BeB 6 compounds were

formed. The movement of Be was therefore a vapor transport phenomenon

rather than an atomic diffusion through the boron crystal lattice.

Surface diffusion may also have played a role. Some time during the

experiment a layer of Beo formed on the Be surface. Therefore the Be

atoms must have diffused through the oxide layer before they moved by

the vapor transport mechanism. This indicates that Beo is capable of

dissolving excess Be in its crystal lattice. The absence of any boron

on the Be side of the oxide layer indicates that boron is not soluble

in Beo (at least up to a temperature of 10000 C) and thus could not

diftuse through. Because of the clean separation at the BeO-BeB 2 inter-

face, we conclude there there was no metallurgical bond between these

two compounds.

A second approach to produce diffusion couples between Be and boron

has succeeded in producing a well-bonded couple with no intervening BeO layer.

A s-boron rod was buried in high-purity Be powder, followed by cold isostatic

pressing and then hot isostatic pressing (HIP) . HIP was carried out in an

evacuated and sealed iron container which was thoroughly outgassed. The HIP

operation was performed at an argon pressure of 15 Klb/in 2 at a temperature

of 950'C for aperiod of two hours. The couple was removed from the container,

and metaliographic polishing revealed abonded interface witha diffusion

zone about 10 microns thick, and with what appear to be four layers within

this zone. During polishing, because of the differences in hardness between

the Be and B, the Be side was slightly depressed. Two separate microphoto-

graphs (Figures 2 and 2-1) were taken to bring out the interface between

9
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Be and the diffusion zone between B and the diffusion zone. Both

interfaces appear well bonded and this method appears to be a successful

technique for producing Be-B diffusion couples. Auger microprobe

analysis indicated one of the diffusion layers as BeB . The BeB6 layer

gave a hardness value of 1400 VHN which is in itself encouraging as

this is a suitable value for a gas bearing surface. With the develop-

ment of HIP technique, the study of the growth kinetics of the various

intermetallic compounds of Be and B boron may now proceed. We are now

ready to start the study of diffusion kinetics of the system Be-B using

both and y (lower temperature form) boron in a systematic manner.

The diffusion couple produced initially was not considered adequate

because of the irregular shape of the boron sample used. The sample

was produced mainly to determine the feasibiiity of HIP technique for

fabrication of diffusion couple.

s-boron is commercidlly available in small diameter rod form or

irregular shaped pieces. Since the rod diameter (used in one initial

preparation) is small, we have decided to use more massive irregular

pieces. A number of such pieces of s-boron have been ground flat on

one side in our machine shop. This would give us planar geometry when

HIP bonded with Be powder for diffusion studies. Large pieces of solid

y-boron are not available commercially. However, y-boron is important

from our point of view, since the methods we will use for depositing

boron on beryllium surface will most probably become y-boron at the

diffusion temperature of 900 to 10500 C, if not already in that form

during deposition. Essentially pure boron can be prepared in an

unusually large number of crystalline forms; however, most such

polymorphs can be considered as due to extreme cases of nonstoichio-
(7)

metric boron compounds. It is now well accepted that there are three
(8)

established crystalline forms - a-rhombhedral (low temperature form) )

(9)-rhombohedral (high temperature form) , and y-tetragonal (intermediate
(10, 11)

temperature form) There is some doubt about the temperature

ranges of stability for these various polymorphs. It is however safe

to say that P-rhombohedral is stable from m.p. (approximately 2200'C)

13



down to 15000 C or even lower, a-rhombohedral from 800 to 11000C and
(12)

y-tetragonal from 1100 to perhaps 13000 C. Of the three polymorphs,

s-boron appears to be the most stable. a and y forms are developed

possibly as a consequence of favorable growth kinetics, with a consider-

able overlap in their reported stability range. There has been no

evidence of transformation from a to y form or vice versa, a becomes

very unstable above 1200*C, giving as yet unidentified structures

finally changing to 8 form at 15000 C. This does not suggest that a is

stable to 1200'C. Instead it may just indicate a sluggish transformation.

If boron is deposited on a reactive surface, in the temperature ranges

where a may form, the crystalline form is that of y-boron, with no

evidence of a,even when the deposit is quite thick. In our CVD work

because of the above facts we expect that the deposit is more likely to

be y-tetragonal rather than a. A determination of the crystalline

character has not been possible because the deposits are too thin for

x-ray diffraction and they have mostly been converted to borides during

deposition. Nevertheless it is important to determine if there is a

difference in the diffusion kinetics of the systems Be-SB and Be-yB.

Since solid y-boron is not available commercially, we decided to try

to prepare some solid pieces by arc-plasma spraying. For starting

material we used commercially available 99% pure crystalline boron

powder. The powder was designated as -100 mesh. To ensure maximum

melting of the powder in the plasma spraying process, we decided to

use particles less than 44 micron in size. We sieved the boron powder

on a 325 mesh screen and found that more than 50% passed through. We

used the minus fraction. X-ray diffraction of the powder gave a pattern

which corresponded very well with published pattern of r-rhombohedral

boron.

A schematic sketch of the arc-plasma spray process is shown in
(13)

Figure 3. The process consists of excitation of an inert gas plasma

with a high intensity dc arc. The plasma exits through a nozzle and

acquires high velocity. The powder to be deposited is introduced at

14



this stage into the plasma flame by means of an inert gas that serves

as a carrier. The powder particles melt and form small molten spheres,

which are propelled at sonic speed, and splashed and deposited on a

water cooled substrate. The quenching of the deposit occurs in micro-

seconds with usual cooling rate in the range of 106 degrees centigrade

per second.

A mixture of argon and hydrogen was used to form the plasma.

Argon was also used to form the ambient atmosphere in a waterjacketed,

controlled environment chamber. The boron deposits were formed on a

grooved, watercooled copper substrate with a 40 KW Metco 3MB plasma

spray gun. A number of runs were made to produce deposits with thick-

ness in the range of 2 to 3 mm. The samples were easily removed from

the copper substrates by prying them loose with a knife blade. The

surface in contact with the chilled copper had a slightly copper color

which was easily removed by rubbing on a 600 grit polishing paper.

X-ray diffractometer traces were made on both the copper cooled face

and the side facing the plasma gun. The copper cooled side showed a

y-tetragonal pattern. One of the samples was then ground to a powder

and an x-ray diffractometer pattern taken of the powder. This resulted in

a pattern showing both aand lines. A rough estimate of this pattern

showed that and y are about equal in amount in the powder.

These plasma sprayed samples, we teel, are going to be satisfac-

tory for forming Be-yB diffusion couples if we concentrated our studies

to the surface which was in contact with chilled copper. We decided to

determine if the -- B we had produced would be stable at diffusion

study temperatures of 900 to 1050 0 C. We heat treated a piece at 1050'C

in argon atnosphere for 24 hours. X-ray diffraction patterns of this

sample gavu identica] patterns from both sides, as were obtained prior

to the heat treatmcnt, except perhaps a slight sharpening of the lines.

Obviously the -Y-B formed on the chilled copper surface would remain as

y-B during our diffusion treatments. The same sample was then given a

heat treatment at 17000C for 1 hour in a 10-6 torr vacuum. The whole

sample ater the above treatmvnt became completely -rhombohedral boron.
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At this time we have an adequate supply of both and y forms of

boron in usable shape to produce necessary number of diffusion couples

with beryllium by the HIP techniques. We plan to produce these couples

in the near future.

2.3 CVD

Although the HIP technique has successfully produced bonded Be-B,

it may not be a suitable method of producing hard boride surfaces on

gas-bearing components. Chemical vapor deposition (CVD) is the most

appealing alternate process because of its simplicity. The CVD of

boron has been reported in the literature from two different types of

gaseous sources: diborane (B 2H6 - a gas at room temperature)(14) and2 6 (10)
boron trihalide (BCI3, BBr 3 , etc.) plus hydrogen. Diborane decom-

poses to boron and hydrogen when heated, whereas BCl3 gas reacts at

high temperatures with hydrogen, producing boron and HCl gas. In either

case, free boron is made to form on a heated Be surface where it is

expected to react and form the intermetallic compounds.

In addition to the above gaseous CVD processes another process
(15)

employing solid material and a gas phase transport catalyst has

been used successfully to produce boride coatings on titanium alloys.

It is possible we may look into this process more thoroughly.

A CVD apparatus capable of employing either of the two processes

described above, has been designed and built. A photograph of the

system is shown in Figure 4. The sample to be coated is supported in

the center of a 1-1/4 inch diameter quartz tube, and a spiral water-

cooled copper coil is placed on the outside of the quartz tube where

the sample is located. A high frequency Lepel power supply capable of

producing 2 KW is connected to the copper coil for direct heating of

the sample by induction. Vacuum tight flanges are provided on both

ends of the quartz tube, fer introduction of gas from one end and a

vacuum pump and exhaust tubings on the other end. A quartz window

on the gas entry flange allows temperature monitoring with an optical
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pyrometer. A sturdy plexiglass box with an aluminum frame provides

safety, and also functions as a hood. It is connected at the top to

an exhaust system with a measured capacity of 100 cfm by means of a

flexible 5-inch pipe. A small clearance between the table top and the

bottom of the box allows air-flow into the hood. The spent gas from

the quartz tube is exhausted directly into the flexible exhaust pipe,

as also the exhaust from the vacuum pump.

The CVD system has been operational for several months and a

substantial number of deposition experiments have been performed using

both diborane and BCl 3 and H2 gases. A limited degree of success has

been achieved by both the processes for formation of adherent boride

films on heated beryllium substrates. Films produced so far have

been rather thin of the order of one micron. We have encountered some

problems of cracking and spalling in trying to produce heavier films.

At this stage we are not sure whether heavier films would be necessary.

However, we will continue our experimental studies to be able to produce

heavier films. In the meantime, the thin films are giving us high

integrity coating of good uniformity, fairly high hardness and strong

adherence.

2.4 Experimental

The procedure for producing a CVD film on Be surface is describcd

in what follows. The sample in the form of a circular disc (0.5 inch

diameter X 1/8 inch thick) or a rectangular piece about 1/8 inch thick an,'

similar cross sectional area as the circular disc, with metalloqrajhica11y

polished surface was placed in the quartz tube within the area surrounded

by the i.iduction heater coil. A stainless steel wire device with two

prongs irserted into two tiny holes drilled into the Be sample from th2

edge supported it without allowing it to touch the walls of the luartz

tube. In the initial experiments the axis of the sample discs wet,

made nearly to coincide with the juartz tube axis, in ord,,i t< mak('

one of the faces of the sample ] , cm the direct path (I tht, incnml ri



CVD gas. In later experiments the samples were oriented wihi an edge

facing the gas flow. This has resulted in more uniform coating of the

entire sample.

The general procedure fQr the CVD has been to purge the tube by

repeated evacuation and filling of the tube with either argon or hydrogen

followed by heating the sample to the deposition temperatu ? for 15

minutes in the flowing gas. No visible differences were noticed in

the characteristics of the deposits whether the initial heating was

done in hydrogen or argon atmosphere. Therefore in all of the runs

after the first few the initial heating was done in argon. Following

the initial heating the CVD gas was introduced at a given flow rate for

a period of time, and then the CVD gas flow was cut off and sample was

slowly cooled to room temperature in approximately two hours or so.

In other cases the samples were cooled quickly by turning off the power

to the induction coil after the desired CVD treatment.

All the gases used have been 99.999% pure. The CVD gases were

premixed by the vendor. The diborane source was a premixed gas composed

of 99.9% pure argon and 0.1% B2 H The trichloride gas was composed of

70% argon, 29% H 2 and 1% BCI3' The chemical reactions in the two

processes are as follows: B2H 6 decomposes to boron and hydrogen at

elevated temperatures. The freshly formed boron on the hot beryllium

surface would then reat with beryllium to form the borides. The morphology

of the coating would depend on the rate of deposition of boron and the

diffusion kinetics of the system Be-B, and the time and temperature of

the experimental duration. in the case of the trichloride CVD gas

system the BCI 3 reacts with H2 at elevated temperature to form elemental

boron and HCI gas. Once again the elemental boron on the hot beryllium

surface would form boride or borides according to the time-temperature

parameters.

The initial de m,-,sition exp , imt;nts were carried out usinq the

diborane gas. With diboiane as; the boron vapor source, the visible

decomposition starts in front of the heated substrate (obviously at
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quite a low temperature) and boron deposits on the Be surface with very

low integrity. There was a lack of cohesion between the boron atoms and

this was one of the reasons that boron tended to flake off from the Be

surface. However, some samples with partial adherence with what appear

to be bonds of a chemical nature have been produced.

In an attempt to gain an early appraisal of the potential of CVD

using boron trichloride as a boron vapor source, the diborane experiments

were interrupted, and the apparatus modified to employ this source. The

chemical reaction between BC1 3 and H2 is a higher temperature process

(minimum temperature of 8000C) than diborane deposition and the reaction

is believed to occur only on the heated beryllium substrate enhancing

the chance of reaction between the freshly-formed free boron atoms and

the Be surface. First experiments yielded adherent, hard (resistant

to polishing) deposition layers. The coatings usually chipped off

around the edges, but in the middle the coating was found to be strongly

adherent to the substrate and with a fair degree of hardness. In one

recent set of experiments, we have been able to produce completely coated

samples, with strongly adherent uniform films of good hardness values.

Example of coatings of the two types are shown inFigures 5(a) and 5(b) in

macro color photographs to show the pink colors of the coatings. Whenever

the color of the coatings have gray or gray-blue appearance the deposits are

nonadherent and tend to flake off. The oxygen content of these latter

deposits are high and caused most probably by air leaks (real or virtual).

Extreme care in cleaning of the quartz tube including baking it out

prior to deposition results in adherent pink color deposits. Although

the appearance of the surface is uniform in color, under large magnifica-

tion the surfaces appear to be composed of two phases - a light pink

phase and a darker pink one (see Figure 6). The two phases appear in

relief, due perhaps to the effect of sandblasting the surface prior to

CVD treatment. For comparison we are presenting the photomicrograph

of a recently CVD treated sample in as-coated condition (see Figure 7).
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Because of our improved techniques the surface is much smoother, shiny

pink and has a much finer grained appearance. In this case also there

are two distinctly different shades of pink.

It would be very desirable to examine the extent of the penetra-

tion of boron into the beryllium substrate. Since the layer is usually

less than a micron in thickness a normal cross section through the

coating was not possible. We therefore prepared a sample section at a

highly slanting angle to the surface which amplified the thickness of

the layer by a factor of about 20x. In figures 8(a) anl 8(b) the interface

between the beryllium substrate and the CVD coating are shown in the

magnifications of 200X and 500X. The voids in the pink layers are

believed to be pullouts during the polishing operations.

Since the CVD coatings on beryllium formed thus far are in the

range of less than a micron, x-ray diffraction identification was not

possible. We have therefore carried out some Auger spectrographic

analysis tr obtain an idea of what we have formed on the beryllium

surfaces by our CVD technique. Of course, Auger analysis gives only

the elemental analysis. Some conclusions can be formed about the chemical

state by combining the Auger results along with other known parameters.

One has to recognize the fact also that the Auger spectrum gives informa-

tion about only the very superficial layers of the surface, perhaps no more

than just a few atomic layers because of the rather low energy of the

incident electron beam which produces the Auger electrons. The spectra,

however, are capable of giving quantative information about the chemical

composition of the surfaces being analyzed. The Auger machine we have

been using at the Massachusetts Institute of Technology (MIT) has the

capability of giving chemical analysis of material below the surface.

This is achieved by sputtering off materials from the surface while

the specimen is located within the specimen chamber and being analyzed.

By continuously sputtering and monitoring the intensities of Auger

spectral lines of various elements present in the film a chemistry

depth-profile is determined.
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We have carried out some Auger analysis and the technique

appears to be very well suited for the evaluation of the CVD coatings

we are studying. However, the Auger analysis will eventually have to

be supplemented by crystallinity identification technique, such as

glancing angle electron diffraction. As already mentioned, x-ray

diffraction will possibly be of very little use in this area because

of the low atomic weights of both beryllium and boron in addition to

the extreme thinness of the films.

The Auger spectra of s;ample 38 are shown in Figure 9, the scans

being taken at four oifferent times while the coating was sputtered

off. The trtal sputtering time was 64 minutes. Assuming a rate of

sputtering between 100 and 200 A/min, it would appear that the film

thickness was in the vicinity' of 1 micron. Before sputtering, Be and

B peaks are barely visible under a dense layer showing C and 0.

Exposure to air and cleaning of the sample in acetone and alcohol

might explain the abundance of C and 0 in the initial surface layers.

All the scans on Figure 9 were taken with a voltage of 5 KV for the

primary beam. This results in practically equal intensity of Be and B

lines for equivalent amounts of the elements. Oxygen line intensity

is approximately 5 times that of Be and B, while C gives twice the

intensity for equal volumes of tne elements. In analyzing the various

scans shown in Figure 9 we should bear the above facts in mind; it is

alr;o reasonable to assume that whatever oxygen is seen on the surface

after removal of the initial layers by sputtering must be iii the form

of BeO because of the temperature to which it was subjected during the

CVD treatment. Using the above arguments, it appears that Figure 9(b)

i,; com1,osed of about equal amounts of BeO and a beryllium boride with

a ';toi A)metry uf BeB,). The surface after about 30 minuts of sputter-

ing is still composed of equal amount of BeO to boride. but the boride

composition now appears to be that of Be 2b. At the end of sputter

removal, the BeO amount has (lone down substantially but during

sp1uttering procedure it appears to attain a vwr,' reduced but cons-ant
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value. The value of carbon content may be due to the background in the

Auger machine which utilizes oil pumps for its vacuum environment.

Although the Auger scans indicate that the coating is composed of the

compound BeB 2, Be2B and BeO, we will eventually have to pin down the

real identity of the compounds by some diffraction technique. It is

somewhat surprising that even with all the oxygen in the film, it still

is highly adherent to the beryllium substrate as long as the film

thickness is in the range of one micron or so.

Sample 64 was given similar treatment as sample 38 but was

repeated four times in order to produce a much heavier film, without

removing the sample from the CVD chamber until after the final run.

The coating was beginning to crack and spall when it was brought out.

It was noticed that the film had a dull grey color on the substrate

side and copper colored on the side away from the interface. The film

thickness was determined to be between 4 and 5 microns from an SEM

picture taken edgewise of a piece of spalled film (see Figure 10).

We decided to do a thorough Auger depth profile analysis of

the spalled film fron sample 64. Two small pieces were mounted on an

aluminum sheet ( 1 cm x 1 cm) using a silver cement with the copper

color showing on one piece and the grey side showing on the other.

Both pices gave similar Auger spectrum prior to sputtering as in

Figure 9(a). We then sputtered and continuously monitored the peak

heights of the four elements during sputtering. The copper colored

side was sputterod for 5G minutes and the grey side (facing the Be

substrate) for about 30 minutes. These scanning data are shown in

Figure 11. After abo t four minutes of sputtering on the copper color

side oxygen went iwn to a very low concentration and remained constant.

Be and B on the otht.r hand .ucruased and remained more or less constant

at the ratio of ibt I:1 (Fiaure 11(a)). Figure 11(b) shows the sputter-

scan data on the ,r o side of the film. The oxygen concentration

remained fairly ihiqh throuqhout at about 4 times the amount on the

corper side of the film. Be concentration was found to be constant at
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Figure 10. SEN photograph lookiny down on a piece of spalled film
from sample 4t-4 (magnification 500 x
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about the sare level as on the copper side. B was very low to start

with but rose to a level about half that of Be for about 0.1 ;jm (1COr,

angstroms). In the next 1500 B reached the equal level of

concentration as Be. At the end of sputteriniq ar. Auqer scan of each

sample was taken, shown in Figure 12. The substrate side shows very

large oxygen concentration, whereas the copper color side shows a very

small oxygen peak. Allowing some Be to be in oxide form, it appears

from Figure 12 that Be and B are in a stoich ometry of 1:1. The only

way that could happen is if this rather substantial layer (about 3.5

Lm) could be a ruqi' wh'ere the two compounds Be 2B ar-A BeB 2 coexisted.

The evidence we have at this time is not conclusive.

It begins to appeai more conclusively that oxygen is hampering

the formation and adherence of the boride layers. Very thin films are

quite adherent. But so far we had difficulty in forming films

of thickness around 4 or more microns. We thought we could perhaps

get around that problem by sputter depositing a thin boron film on

sputter cleaned beryllium surface and then proceed with CVD technique

to build up the thickness and thus produce boron-rich beryllium borides.

However, sputter deposition technique has not produced satisfactory

results. Sputtered boron films on sputter cleaned surfaces tended to

peel off even foc thicknesses as low as 0.3 om. A macrophotograph of a

sample with 0.3 i thick deposit is shown in Figure 13. The dark area

on larger magnification (Figure 14(a)) shows small patches within the

film that have spalled off leaving bare beryllium. In the light area

- Figure 14(b) - boron adherc. only to some selected areas. Auger

scans were taken of the dark boron areas and light Be areas after

removing about 200 angstroms by sputter cleaning the surfaces. The

Be surface still shows heavy amounts of oxygen with no trace of boron.

(Figure 15(b). The dark areas show no berylliam and oxygen level iE

much smal Ler. (Fqigure 15(a))
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2.5 Hardness Measurements

True hardness values are practically impossible to determine of

a material when it occurs in a very thin film form on a comparatively

soft material. It is especially so if the depth of penetration of the

indenter is equal to or larger than the thickness of the film. However,

one could take a number of hardness measurements using various indenting

loads ranging all the way from very large to quite small. If the film

is composed of a hard material and the substrate is soft, measured hard-

ness values would increase as the indentation load is decreased. This

is because the lower the load, the less is the penetration into the

soft substrate, and therefore more of the indentation load is supported

by the harder material. The result would consequently be a larger

hardness value obtained for the composite, but still lower than the

true hardness value of the film.

Varying load hardness measurements were carried out on following

samples: (i) annealed beryllium; (2) two (CVD-coated samples - numbers

37 and 62; (3) boron sputter deposited in as-deposited and heat treated

condition. The results of these measurements are shown in Figures 16

and 17. The CVD samples appear to show much higher hardness than the

virgin beryllium surface. Exact values of the coating can only be a

conjecture at this time, but they are definitely comparable to the

hardness values of plasma-sprayed surfaces of presently used gyro gas

bearings. Figure 17 shows the measured hardness values on sputter-coated

sample, in as-sputtered and after heat treatment. In as-sputtered con-

dition, we measured a value of 3100 KHN on a boron coated area, which

is excellent. However, on a short heat treatment, the coating became

very crumbly and the hardness values went down to the level of pure

beryllium. Although the boron coating by sputterinq on the beryllium

surface has very good hardness, it is not considered satisfactory because

the deposits are patchy and rather nonadherent. Adherence could not be

produced by heat treatment becaose o t),ermal expansinn mismatch, result-

ing in a crumbly surface.
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2.6 Conclusions

The studies carried out during this reporting period lead us to

the conclusion that the elements beryllium and boron react quite readily

at temperatures 850*C or higher to form beryllium borides. However,

both the beryllium surface and the environment in which the process is

performed must be free of oxygen contamination. All the earlier failures

to produce a bonded boride to beryllium substrate have been traced to

the formation of an oxide layer at the interface. We have now improved

our technique sufficiently to have been able to produce highly adherent

thin layers of borides to the beryllium substrate by CVD. However, we

have not completely eliminated the oxygen problem as indicated by the

presence of oxygen seen in the Auger spectra depth profiles. It is

quite possible that the presence of oxygen in the amount seen in these

films may be responsible for the cracking and spalling of thicker films.

Thicker films are desirable for several reasons. First, they

will make it possible to obtain definitive identification of phase or

phases present, by x-ray diffraction technique. And if we find that

we have produced the beryllium rich borides (Be 4B or Be 2B) rather than

the boron rich ones, the ability to produce adherent thicker films

will be more conducive to the formation of boron rich borides, such

as BeB or even BeB 6 . It remains to be seen, however, whether it is
2 6'

necessary to form the boron rich films for gas bearing applications.

Even without the actual identification of phases in the CVD films

of borides formed on the beryllium substrate we should be able to tell

what we are forming on the basis of diffusion kinetics in the Be-B system.

It has now become possible to begin such studies because of our success

in two areas. First, we have been able to produce well-bonded diffusion

couples by hot isostatic pressing technique. Secondly, using arc-plasma-

spray on chilled copper substrate, we have produced solid pieces of

y-boron, which we consider very essential, but not available otherwise.
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The presence of oxygen in our CVD films is of concern.

We are continuing our studies to determine the source of oxygen, which

will enable us to either eliminate or reduce its magnitude in our

present system. If neither is possible using the present system we

will have to give serious consideration to design and build a more

sophisticated system to do so.

3
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SECTION 3

BERYLLIUM BORIDING BY ION IMPLANTATION

3.1 Background

Causing beryllium boride compounds to form in the surface of a

beryllium component, in order to make that surface hard and wear resis-

tant enough for use in a gas bearing, could conceivably be accomplished

in a variety of ways. Several of these have been touched on in the

preceding sections, with some mention of their characteristic advantages

and disadvantages. One method which avoids some of the problems and

uncertainties that could affect the more mature technologies is ion

implantation processing.

The ion implantation process differs from those based on diffusion

by virtue of its employment of kinetic, rather than thermal, energy to

introduce and emplace the foreign species which is intended to modify

the host material. A high kinetic energy is given to the species to be

implanted, such as boron, by first ionizing the boron and then accelera-

ting the ions through an electrical potential difference. They are then

directed as a beam or current of ions onto a substrate material, such as

beryllium, whose surface their high kinetic energy allows them to pene-

trate. The quantity of boron delivered is determined by the magnitude of

the current (strictly speaking, the time-averaged ion current per unit

area) and the length of time it is applied. The range of penetration of

the ions depends on the accelerating potential. Consequently, for ion

implantation processing the concentration of boron in the surface of the
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beryllium is not limited by its solubility, and the penetration of boron

into beryllium is not restricted either by the diffusivity of the boron

or by the presence of any native oxide film on the beryllium. These

characteristics are limiting factors in the more conventional boriding

processes, however.

From the foregoing, it can be seen that a major feature of ion

implantation is the control which it affords - control of quantity

through control of both dose-rate (or ion current) and deposition time,

and control of depth through adjustment of the acceleration voltage.

In addition, practical ion implantation equipment and techniques provide

for directing, rastering, or selective masking of the beam to allow

precise placement of an implant in a given location. Also provided for

would be the precise selection (i.e., high purity) of the element to be

implanted, and a clean high-vacuum environment for protection of the

surface being implanted.

Although the nominal solubility of boron in beryllium does not

restrict the concentration that ion implantation can produce, the

sputtering yield of beryllium (or any other substrate) under the bombard-

ment of the incoming boron (or other) ions does set a limit. The basis

for this can be grasped by considering that a material which sputters

away rapidly during implantation would not be in place long enough to

allow the build-up of a high concentration of the implanted species.

3.2 Progress Prior to This Reporting Period

Although the ion implantation process was not among those con-

templated when this program was initiated, it began to receive some

favorable consideration when the process which had been proposed originally

began to show erratic results. These effects seemed possibly to be

attributable to either a diffusion-inhibiting oxide film barrier on the

beryllium, or to an unfavorable situation with respect to the diffusion

rate of boron in beryllium relative to that of beryllium in boron. As

noted above, the nature of ion implantation makes it virtually immune

to either of these factors, so that it appeared to be an alternative

worthy of investigation.
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A preliminary trial, carried out in a cooperative effort with

the Materials Modification Branch of the Naval Research Laboratory,

showed that a beryllium surface became measurably harder when implanted

with boron to a concentration of 10 atomic per cent (10 a/o). Upon

heat treatment at relatively low temperatures the implanted surface

became harder still, an effect to be anticipated if beryllium boride

compound formation were occurring, but not if the initial hardening were

merely due to damage induced by ion bombardment during implantation. The

actual observation was therefore very encouraging for the prospect of

causing hard beryllium-boron compounds to form in the surface by ion

implantation.

Equally encouraging was the preliminary indication that no detec-

table sputtering erosion had occurred at the beryllium surface. One

implication of that finding is that, while the maximum attainable boron

concentration is set by the sputtering yield of beryllium relative to

that of boron under these conditions, the actual limit is quite high.

Consequently here again prospects appear to be good for the conversion

of a significant volume fraction of the surface region into one of the

hard beryllium boride compounds. A second encouraging implication is

that finished parts can be implanted without alteration of dimensions or

surface finish.

3.3 Objectives

During the period of this report it was planned to implant

additional specimens of 1-400 beryllium to hiqher levels of boron con-

=entration with a view to determining the upper limit attainable by this

m thod, to characterize the surfaces Fo prepared as thoroughly as possible,

and to observe their behavi-rr under heat treatment. The information and

data collected durinq such activity should be useful in any attempt to

select optimum processing parameters for use in fabricating prototype

(Jas bearings, if the results bore out the initial promising indications.
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Appropriate characterization of the surfaces was seen as involving

examination by optical and scanning electron microscopy to record the

physical topography, and the use of electron diffraction in the trans-

mission electron microscope to detect beryllium boride compound forma-

tion. Rutherford back-scattering* was also expected to give information

on compound formation; with the use of suitable calibration standards

the same technique would permit refinement of estimates of implant con-

centration and of penetration depth and profile. Low-load (because of

layer thinness) microhardness measurements on the processed specimens

were seen as direct indicators of value as gas bearing materials, in

addition to the usefulness of such measurements in physical characteri-

zation. As a final screening measure, short of actual prototype fabri-

cation, friction and wear testing was planned.

3.4 Progress in Fiscal Year 1979

Several factors combined to hold progress to a relatively modest

level during this period.

It was mentioned above that the ion implantation work was for us

a cooperative effort with the Naval Research Laboratory; it is anticipa-

ted that there will be long term and synergistic benefits for both

organizations in that arrangement. However, it does mean that any

equipment, personnel and scheduling problems affecting NRL also have a

bearing on the progress of work at the Draper Laboratory.

The preliminary tests mentioned above were carried out in equip-

ment designed for semiconductor electronics work, since un til recently

ion implantation has been almost exclusively a semiconductol processing

"Rutherford back-scattering", or RBS, is a non-destructive method of
analyzing solid bodies. A mono-energetic beam of light ions (usually
helium) in the magavolt energy range is directed at the test-specimen,
and observation of the energy spectrum of the back scattered (helium)
ions allows calculation (within limits) of the identity, quantity, and
distribution of the atoms to be found within the test-specimen.
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technique. However, semiconductor device fabrication requires doses

much lighter than those contemplated here, so uhe use of such equipment

for our work requires inordinately long times and is therefore an in-

efficient way to carry out metallurgical materials modification.

During the past year, NRL has been installing and debugging a new

high current/high voltage ion implanter which is capable of practical,

metallurgically significant, implantations. First deliveries of high-

dose implantations produced with the new equipment are in the process

of examination at this laboratory.

Specimens implanted to date have been of two different diameters,

3/8" and 3/4", with the former representing the specimen size treated in

the low-current semiconductor-type processing equipment. Although such

small areas are adequate for hardness testing, and preparation of samples

for scanning electron microscopy and transmission electron microscopy,

they are by no means adequate for friction and wear testing. The higher

current (dose rate) capability of the new implanter permits treatment of

the larger diameter specimens, which do permit friction and wear testing,

in a reasonable length of time and with a high level of confidence that

the entire surface has been exposed uniformly.

3.4.1 Small Diameter (3/8") Specimen

Two of these were treated in the semiconductor-processing ion

implanter, as follows: first one disc was given a series of doses

uniformly covering one face, using four different energies to attain

a concentration profile invariant with depth down to 0.8 - 1.0 microns

total penetration. These doses were similar to those used for the

earlier 10 a/o implant except that the quantities were doubled to yield

a layer containinq 20 a/o boron. A second disc was then placed beside

the first, with half of each masked off, and the implanting schedule

was repeated. The result was a pair of specimens, each with two dosages -

one containing 20 and 40 a/o, th ± second having 0 and 20 a/o - to allow

comparisons of effects.
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Microhardness measurements were taken at NRL in the "As Implanted"

condition and repeated after the specimens were annealed at 650°C for 1
-6

hour under a vacuum of 10 Torr. The reported hardness values are

listed in Table 2.

a
The data obtained for the 0/20 and 20/40 /o implants discussed

above are considered to be questionable, aside from their small diameters.

It was noticed after the second implantation that the implanted portions

of the two discs had taken on a brownish discoloration; upon annealing

the discs, the brown areas became yellowish green with bands of other
colors. NRL had assumed that the brown color was due to the decomposi-

tion of back-streamed vacuum-pump oil to yield a carbon deposit, but the

behavior observed and color patterns seen suggest an oxide film. One

possibility is that some of the tantalum platelet, used as a mask during

the second implantation, was sputtered away by the boron ion bombardment

during the implantation and deposited on the nearby beryllium surface.

The subsequent oxidation of such a film would then produce the inter-

ference color bands, as were observed, characteristic of varying thickness

of oxide. In any case, the data obtained for those specimens, especially

in the colored areas, are not considered to be reliable since they do not

represent beryllium which has been implanted only.

3.4.2 Large Diamter (3/4 inch) Specimens

As was mentioned above, larger diamter discs than those used

previously were needed if friction and wear measurements were to be

carried out. A set of discs were cut from a 3/4 inch beryllium rod

whose lot number was known and for which the chemical analysis and

physical characterization were available. This was Brush Wellman 1-400

Lot No. 4784 with . BeO, an average grain size of 8.0 pm, and with

other impurities ind characteristics which are also typical of actual

gyroscope material.
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The first implantation performed on this set of substrates was

nominally 60 a/o with the same set of accelerating voltages as before,

(i.e., selected to give a uniform concentration profile to a depth of

about 1 m.. The specimen was subjected to Rutherford back-scattering

(RBS) anaiysis and then delivered to CSDL for further testing. Also

deliverea was a small beryllium disc which had been implanted at the

same time as the test specimen. The small disc had been half-masked to

permit an assessment of thickness change during implantation (negative

would show sputtering erosion; positive would show growth due to the

volume change from the injection into the surface of the implanted

boron).

It is perhaps indicative of the evolutionary status of the

technology that this "60 a/o" specimen is also considered to be

questionable. The RBS analysis appeared to show that the peak boron

concentration was well below the nominal 60 a/o while the surface (see

Figure 18) is highly irregular and populated by various unexpected

features. The small half-masked disc, on the other hand, appears to be

much smoother and is relatively featureless.

Examination of the small disc both by optical interferometry and

with a stylus-typ profilometer indicated no observable height difference

between the implanted and the unimplanted portions of the surface. It

is surprising that no change occurred in either direction, but it may be

that the growth due to the added material and the loss due to sputtering

just compensate each other. A sputtering loss of approximately 30004

a

during the 60 /o implantation would account for the observed behavior.

The most probable explanation of the strange performance of the

larger disc is that it experienced a temperature excursion of unknown

magnitude during the final, highest energy, dosage. With the fixturing

available at the time the best that can be said is that the specimen

temperature reached several hundred degrees. The small disc, being

clamped under the half-mask, had a lower areal power dissipation and

probably benefitted from better heat-sinkinq because of the clamping.
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When the 40 a/o specimen was prepared, procedures and fixturing

had been improved to provide more positive heat dissipation, and more

reliable temperature measurement with a thermocouple attached very near

to the substrate. The specimen temperature probably did not exceed 190°C

and possibly for that reason the surface is much smoother, as shown in

Figure 19. While it is true that the dose was lower, 40 a/o is still a

very high dose and is at least the same order of magnitude as that

delivered to the "60 a/o" sample, so the surfaces should be similar.

Table 3 lists the values of Knoop hardness obtained at CSDL for

the discs in the "As Implanted" condition. It may be seen that there is

apparenti little difference between these specimens, but in view of the

uncertainty about the thermal history of the 60 a/o implant it would be

premature to draw conclusions at this time. A second specimen of that

concentration, implanted with temperature control similar to the 40 a/o

sample, will give more reliable information.

3.5 Other Progress and Preparations

Much of the additional effort in this aspect of the gas bearing

materials work has taken the form of refinements in equipment, technique

and procedures. An example of this is the application of higher quality

optics, including Nomarski phase contrast capability, to read and record

the very small microhardness indentations needed to properly test very

hard, thin films such as those resulting from ion implantation.

Secondly, a modification was designed and installed on the vacuum

annealing furnace which permits rapid insertion, for post-implantation

heat-treatment, of a specimen into the pre-heated furnace as well as

rapid withdrawal at the end of the desired time interval. Both operations

are performed without breaking the vacuum or gas-filled envelope.

Previously, it was necessary to insert the specimen into the cold furnace,

establish the vacuum or gas blanket, bring the furnace to temperature,

and then cool it after a certain time interval before retrieving the

sample. Precise specification of time/temperature conditions was there-

fore impossible.
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Table 3. Knoop hardness, 3/4 inch discs implanted in
high current machine, as implanted.

Knoop Hardness Number
Load (grams) 60 a/o 40 a/o

100 370

50 413

25 603

10 830 726

5 1033 1112

Finally, there is the development of a specimen flow sequence

and handling procedure which will allow the most cost-effective use of

the limited machine time available for this work at NRL, where access to

the high current implanter is in great demand. It is as follows:

(1) Beryllium disc preparation and polishing - CSDL

(2) Boron ion implantation - NRL

(3) RBS of "As Implanted" disc - NRL

(4) Knoop hardness testing, "As Implanted" - CSDL

(5) Electro-discharge machine (EDM) out, slice off and pre-thin
an "As Implanted" surface sample for electron diffraction
and microscopy - CSDL

(6) Final thinning, and ED/TEM of "As Implanted" surface
sample - NRL

(7) Scanning electron microscopy (SEM) of "As Implanted"
surface - CSDL

(8) Friction and wear testing of "As Implanted" specimen ( in-
on-disc; a single weartrack) - CSDL

(9) Heat-treat specimen with precise time/tempcrature , ntr I -

CSDL

(10) CSDL repeats (4, 5, 7, 8 and 9) on the now "As AnneaIled"
disc (8 is done at a different radius).

(11) NRL repeats 3 and 6 on "As Annealed" samples
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This scheme is expected to maximize the scientific data

obtainable from a single exposure to the ion implantation equipment.

3.6 Direction of Future Work

Once the feasibility and fact of hard beryllium boride compound

formation through ion implantation have been demonstrated, attention

should be given to optimizing both the mechanical characteristics and the

cost effectiveness. An approach which is seen as doing both would be

the development of graded coatings; graded in boron concentration and

graded in hardness, with the maximum of both at the gas-bearing surface.

Two methods of attaining graded coatings are believed to be

practical. One of these would be all-implanted; it would feature a very

heavy dose at low energy to establish a very hard wear surface, followed

by lower doses at higher energies to provide a continuous decrease in

'rittleness and an increase in ductility with depth. This should enhance

the ability of the structure to distribute surface stresses and impacts

without material failure.

Much the same situation may be more easily attainable by the

application of a film of boron to the beryllium surface, perhaps by

sputter deposition, followed by a high energy boron implantation through

the film. Several processes - recoil implantation, ion mixing, and deep

subsurface implantation - could act simultaneously to produce the desired

concentration and hardness gradient with no abrupt transitions or inter-

faces.
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