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INDUSTRIAL APPLICATIONS OF ION IMPLANTATION INTO METAL SURFACES*

J . r'. Williams
Solid State Division, Oak Ridge National Laboratory

P.O. Box X, Oak Ridj-a, TN 37831-6057

ABSTRACT

The modern materials processing technique, ion implantation, has
intriguing and attractive features that stimulate the imaginations of
scientists and technologists. Success of the technique for introduc-
ing dopants into semiconductors has resulted in a stable and growing
infrastructure of capital equipment and skills for use of the tech-
nique in the economy- Attention has turned to possible use of ion
implantation for modification of nearly all surface related properties
of materials — optical, chemical and corrosive, tribological, and
several others. This presentation will provide an introduction to
fundamental aspects of equipment, technique, and materials science of
ion implantation. Practical and economic factors pertaining to the
technology will be discussed. Applications and potential applications
will be surveyed. There are already available a number of ion-
implanted products, including ball-and-roller bearings and races,
punches-and-dies, injection screws for plastics molding, etc., of
potential interest to the machine tool industry.

INTRODUCTION

Few audiences are likely to appreciate the historical importance
of surface treatments of materials as well as an assembly of tool
manufacturers. The principle medium of the tool maker is ferrous
metallurgy. And one of nature's most momentous economic gifts has
been that ferrous metallurgy provides such rich opportunities for
optimization of surface versus bulk properties of products via heat
treatment. But now many new types of surface treatments and coating
techniques have arisen. Together with other advances in the science
of bulk materials, these surface treatments are contributing to a
near-revolution in materials technology. To mention a few processes,
chemical vapor deposition, ion plating, cathodic arc deposition, and
surface alloying by laser or electron beam melting have become famil-
iar names to many technologists. Other techniques are on the way. Ir\
addition, the field invites hybridization of techniques in4;o fruitful
combinations for certain products. It can be argued that among the
new techniques, ION IMPLANTATION has the largest variety of potential
applications, has consumed the most basic research money, is the most
expensive to apply to any given problem, and is generally the most
exotic and fascinating. What is ion implantation? How does it work?
What are the advantages and disadvantages? Cost factors? Is it

*Research sponsored by the Division cf Materials Sciences, U.S.
Department of Energy under contract DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.



overrated? And what is the potential for application in the field of
production tooling? While the present review cannot provide precise
answers to all of these questions, it is hoped that this information
will help the reader to make informed judgments.

The part of the present paper that deals with fundamental aspects
may seem somewhat over long to the customer interested primarily in
applications and solutions to problems. That is because the author
believes that the most important message at present is that ion
implantation stimulates a new way of thinking about materials
processing. Participation of the user of products in the creative
process of solving problems with the new technique will contribute
much to the future success of the technique.

THE CONCEPT OF ION IMPLANTATION

As commonly understood, the tern ion implantation refers almost
entirely to directed beam ion implantation. An ion beam from a high-
energy ion accelerator, generally rather well collimated except for
some raster scanning to facilitate treatment of practical-sized areas,
impinges on the solid target to be treated (Fig. 1). Practical par-
ticle energies are typically 30 to 300 keV. At such energies the ions
are traveling at some 5 to 10 thousand miles a second (about 25
million miles an hour) . Let us visualize the target as an array of
BB's with considerable space in between. These BB's correspond to the
nuclei of the target atoms. The space in between corresponds to that
occupied by the electrons of the target atoms, actually most of the
space in the target. Now imagine the incident ion as yet another BB.
Because of its high velocity and relatively high mass the incident ion
penetrates the electronic space of the target rather readily, but
occasionally makes an elastic or "billiard ball" type of collision
with one of the nuclear BB's. The target BB is ejected at consider-
able energy from its original position, and the incident ion may be
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Figure 1. Schematic concept
of ion implantation process.

PENETRATION?
ABOUT 1000 X



deflected at high angle. After several such collisions the incident
ion finally has lost all of its energy and comes to rest. The
distance traveled in the target by the ion may be about 0.2 urn
(10 microinches) and the net penetration after these scattering events
may be about half that. So the incident ion enters at about
25 million miles per hour and penetrates about 5 microinches, or some
few hundred atomic distances. This is the depth of the material
treated. Nevertheless even this degree of penetration constitutes the
main difference between ion implantation and other types of surface
treatments. Other surface treatments are either coatings which
achieve almost no penetration or they involve intermelting or solid
state diffusion techniques which depend on chemical compatibility for
penetration. At the energies of ion implantation penetration is
achieved regardless of ordinary chemical compaLibility. These
features and implications will be discussed in more detail in what
follows.

FUNDAMENTAL ASPECTS OF ION IMPLANTATION

In this section the picture that was started above will be filled
out in more detail . Atomic collisions in solids and related property
changes have been studied intensively now for some thirty years, and
much has been learned. These studies initially were motivated more by
the demands of the nuclear engineering field than by the demands for
ion beam processing of materials. It will be impossible to credit in
detail the many contributors to the advancement of this field, and
unfortunately the author knows of no comprehensive tutorial reference
that can be cited for this long history. Physical theory and calcula-
tional methods have been advanced to the point that the results of
these atomic collision processes can now be calculated with good
accuracy, considering the seeming complexity of the problem.
Naturally the actual results depend on beam energy, beam ion, and
target makeup. Figure 2 illustrates the idea of the slowing-down pro-
cess in more detail than Fig. 1, but of course this representation is
still quite schematic. The array of lattice damage produced by one
incident ion is called a collision cascade. This term implies that
target atoms displaced by the incident ion (knock-on atoms) in turn
displace others in two-atom (binary) atomic collisions. In all some
1000 target atoms are typically displaced in these binary collisions
for one incident ion. All or a significant fraction remain as
interstitial atoms with corresponding vacated lattice sites imme-
diately after the cascade "cools down" (10-11 sec [1]). Later, due to
thermally activated diffusion, these lattice defects may recombine or
otherwise interact to produce property changes. The feature in Fig. 2
identified as the "thermal spike" will not be discussed just yet. But
the entire cascade including the thermal spike is often referred to as
"damage" because the perfection of the crystal lattice tends to be
destroyed. In fact from an engineering standpoint this intense depo-
sition of energy is as often beneficial as it is deleterious, and is
one of the potentially constructive factors that make ion implantation
unique as a materials processing technique. The volume affected by
one ion cascade is typically 100,000 or so atomic volumes [2]. Energy
deposited in these collisions which displace target atoms has been
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Figure 2. Schematic representation of a collision cascade in the
crystal lattice of a target material.

called "damage energy". Figure 3 shows a calculated curve of damage
energy density [3] for chromium ions of 280 keV implanted into silicon
carbide. This theory is intended to apply for a statistically large
group of implanted ions. Because of the stochastic nature of the
scattering process, the deposition in energy versus depth is quite
variable from one ion to the next. The number of displaced atoms in
the target with depth due to the ballistics effects described above is
proportional to the value of this function [4].

Before further discussion of these cascade effects it is con-
venient now to deal with the question of the ion ranges themselves.
Because of all the bouncing around, the ions, although all of the same
velocity upon entering the target, are likely to come to rest over
quite a range of penetration depths. Naturally some are scattered
laterally relative to the incident direction, and the degree of
lateral straggling, which occurs by chance, contributes to variability
in depth of penetration. The overall effect is that the distribution
of implanted ions with depth is approximately gaussian in form [5]
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Figure 3. Calculated curves of damage distribution and distribution
of implanted constituent for the case of 280-keV chromium ions inci-
dent onto silicon carbide.
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("gaussian" refers to the familiar bell shaped type of statistical
distribution). In Fig. 3 such a gaussian form, identified as
"NORMALIZED IMPLANTATION PROFILE", is shown for the 280-keV chromium
ions implanted in silicon carbide. Again this is a calculation,, The
accuracy of these calculational tools depends on degree of
sophistication. All do a good job of calculating the average range
(peak value of the gaussian). Some of the simpler ones make certain
predictable errors in calculating the spread. Figure 4 shows experi-
mental determinations of ion-implanted zirconium (Zr) in Ti-6A1-4V
orthopaedic alloy. For this experiment the Zr was implanted not as a
surface, treatment but as a diagnostic wear marker for a wear test [6].
It will be noticed that the distribution is not precisely symmetrical
like a gaussian. Instead it is somewhat biased toward the backside.
This result is because the Zr is greater in atomic mass than any of
the target atoms. As a result it has some tendency to scatter forward
(in the initial direction of the beam) more than backward. The better
calculations are able to predict such effects [2],

Space does not permit a discussion of all the techniques that are
used in analyzing ion implanted surfaces, but the result of Fig. 4 was
obtained by use of a technique known as Rutherford backscattering.

One of the effects that occurs in the cascade is the ejection of
atoms from the surface of the target. Called sputtering, the effect
is just the same as that which occurs in the well known coating tech-
nique, sputter deposition, which uses ions of much lower energy. The
sputtered atoms carry very little energy themselves, however, 10 eV at
most [7] as compared with thousands of eV for the incident ion. For
this reason sputter deposition is not regarded as a high-energy
process. For high-energy ion implantation most of the energy is depo-
sited rather deeply into the target instead of near the surface where
the low-energy ions used for sputter deposition deposit their energy.
As a result sputtering for high-energy ion bombardment is less than it
is for low. Still 0.1 to 20 target atoms are ejected for each inci-
dent ion, depending on beam and target parameters [7]. The resulting
cleanliness of the product may be a benefit, but this sputtering
effect also presents a fundamental limitation on the concentration of
dopant that can be introduced by ion implantation because one soon
starts to sputter into the ion treated zone. Figure 3 illustrates the
concept. Let us divide the total ion implantation time up into a
series of increments. During the last increment an elemental gaussian
profile is implanted with the peak at the average range. But during
this same increment material is sputtered off the front surface so
that the next to last increment is now not quite as deep as the
average range. And so on. By the time the last increment is
implanted the first increment may have been completely sputtered away.
Eventually a steady state is reached in which the rate of advance of
the ion implanted zone into the material is equal to the rate of
recession of the surface. At this point tne fractional concentration
of implanted dopant at the surface is about 1/Y where Y, the sput-
tering yield, is defined as the ratio of sputtered atoms to incident
ions. If this value is about 3, a not untypical value, the maximum
concentration of dopant that can be introduced by ion implantation is
337O. This sputtering process thereby limits the fraction of dopant
that can be incorporated into the material by direct implantation.
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Another aspect of sputtering is that the sputtering coefficient
increases sharply with angle of incidence of beam with respect to the
surface. This effect is important in design of processes for implan-
tation of. practical engineering shapes.

Since as many or more atoms are usually ejected from the surface
as are implanted there is often no net addition of material by the
implantation process. Nevertheless there are changes in the stresses
in the material near the surface. If the doses and energies are such
that the implant affected zone remains fairly well below the surface
then this zone will be in compression and the surrounding material,
including the very surface, will be in tension [8]. If, because of
sputtering, the region of maximum concentration is all the way out to
the surface then the surface will be in compression. These changes in
stress state [9] are of potential interest in inhibiting hydrogen
penetration and in inhibiting nucleate crack formation where either
brittle or fatigue fracture may be a problem.

Returning to Fig. 2, it will be noticed that in the region near
where the incident ion finally came to rest is a volume that has been
called the "thermal spike zone". Thermal spikes occur relatively near
end of range for incident ions and also near end of range for atoms
that have been knocked on in the binary collisions. They occur
because the nuclear interaction cross section becomes quite large at
low energy, and also, since the particle has lost most of its energy,
not much energy can be transferred in any one collision. As a result
collisions at low energy are no longer of the two-body character. A
knocked on atom is likely to interact almost simultaneously with
several fairly near neighbors. The theory of this type of process
involves a type of calculation known as molecular dynamics [1 ] . The
overall effect is a dense deposition of energy into a fairly small
volume. Many vacancies and interstitials are produced in this volume.
But also vibrational effects which approximate the character of ther-
mal vibrations in quality are induced. Hence the name "thermal



spike". These vibrational effects cause almost all of the vacancies
and interstitials to recorabine. Also, where the thermal spike affects
the binary collision part of the cascade, some of the vacancies and
interstitials produced by the binary collisions are also stimulated
enough to recombine. The duration of the entire event is about
"lO"1^ sec. An appreciable fraction of the cascade volume is often
affected by the thermal spike. Figure 2 is not intended to represent
a realistic picture in regard to fraction of cascade volume affected.

One of the most important practical effects of thermal spikes is
thought to be the ion beam mixing effect. If an interface between two
phases exists in the implant zone there is generally considerable
mixing of the respective constituents across the interface. If inter-
stitials fall into vacant lattice sites that are different from the
ones they originated from, the result is a mixing process that is
analogous to diffusion in character. The process is highly non-
equilibrium in character, howevar. This means that to some degree
ordinary chemical forces are overcome in comparison with thermally
activated chemical diffusion [10]. Possible practical uses will be
discussed below.

Thus far we have ignored one type of interaction of the incident
ion with the target material. This is the electronic interaction. As
ions and knocked-on atoms pass through the electron space of the
target they lose energy to the electrons, inducing secondary electrons
and producing ionization effects. In fact approximately half of the
total energy of the incident ion may be lost in this way [2]. There
are very few if any cases in the literature, however, for which impor-
tant property changes correlate with electronic losses. Instead pro-
perty changes almost always correlate with the nuclear losses, which
include the collisional effects and the thermal spike effects.

The following is a summary of the general and inevitable effects
of ion implantation.

o Chemical and structural changes induced in part by presence of
dopant that has been added.

o Binary collision damage and thermal spike damage which produce
mixing and a variety of property changes (see below). About 1000
displaced atoms per incident ion plus thermal spike effects. For
107o of added dopant each target atom is knocked out of place 100
times.

o Sputtering.

o Changes in stress state of the near-surface region.

From the materials science standpoint the numbers of physical
effects and property changes that might be produced by ion implanta-
tion are legion. Many compounds and alloys can be amorphized. Others
can be elevated to a variety of other metastable states. In addition
to ion mixing the vacancies and interstitials produced by the binary
collisions move long distances, producing "radiation enhanced
diffusion". These defects cluster to produce extended defects.
Fatigue, fracture, wear and corrosion properties can be improved.
Because of the dramatic displacement effects ion treated surfaces are
often highly refined, homogeneous, and less subject to local chemical



attack than"other surfaces. Subsurface insulating oxides can be pro-
duced by deep implantation of oxygen [11,12]. Conducting layers on
insulators can be produced [13]. Adhesion of dissimilar materials can
be enhanced [14]. Other effects will be discussed below.

EQUIPMENT AND TECHNIQUE

Although accelerators for ion implantation have been constructed
in a variety of configurations in the past, one particular type of
machine has now emerged as the "industry standard" as far as commer-
cial applications are concerned. This is the type of accelerator
known as the "wafer processor", which is used for ion implantation
doping of silicon wafers in the semiconductor industry. These ion
implantation steps comprise several of the hundred or so steps
involved in the production of an array of integrated circuits on a
silicon wafer. Indeed, it is the success of ion implantation in this
enterprise which has opened the door for consideration of the tech-
nique as a potential solution for a wide variety of problems in the
technologies of industry and government.

A wafer processor can be considered to consist of two main parts.
The first is the accelerator or ion beam generator itself. The second
is the end station or target chamber. Much of the competition in the
semiconductor industry is based on technology of the target chamber.
The factors of interest are automatic handling of these delicate pro-
ducts, mechanical manipulation of product as well as beam manipulation
for uniformity of dose, particle control, target cooling, and several
others. Many of these problems, and especially the solutions, are
somewhat special to the semiconductor industry. Therefore much of
this technology is not directly transferable to processing of other
products. The skills and concepts [15] that have been gained in this
practice should prove invaluable, however.

On the other hand the front end or ion beam generator is concep-
tually fairly similar from one wafer processor to another. And it is
important to the economic viability of ion implantation for uses other
than semiconductors that this technology is as well established as it
is. Several hundred — perhaps 2000--of these units are on line in the
world. Thus there is a stable and growing infrastructure of capital
equipment, skills, parts, and used equipment, in the economy. A
reasonable solution for many purposes will be to use the front end of
a wafer processor with an end station that is particularly suited to
the product, or else a multipurpose end station. Such an approach has
been used by Spire Corp. in construction of an ion implantation facil-
ity under contract with the Navy as part of The U.S. Navy
Manufacturing Technology (MANTECH) Program on Ion Implantation
[16,17]. Figure 6 is a schematic representation of the facility. The
end station is a large multipurpose vacuum chamber into which fix-
turing that will facilitate ion implantation of a variety of mechani-
cal components can be installed. The target that is represented in
the schematic is an array of some one dozen artificial knee joints on a
suitable fixture. The products of interest to the U.S. Navy are
generally ball bearings, roller bearings, and bearing races. We will
return to further discussion of the rationale, together with engi-
neering aspects, of the MANTECH program later. Returning to Fig. 6,
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Figure 6. Schematic represeatation of an ion implantation facility.

the beam optical components (magnetic quadrupole lenses and electro-
static scanning stage) are somewhat different from those of a wafer
processor because of the need to scan the beam over considerably
larger areas for these mechanical components. The area that can be
treated in this end station is approximately 20 * 40 cm2. The rest of
the facility is typical of an accelerator for ion implantation of
silicon wafers. The main features are as follows. The ion source,
known as a Freeman source, consists of the element source, source
magnet, and the plasma arc chamber with anode and filament. By using
appropriate arts one can derive ion beams of almost any element in the
periodic table from such a source. At the point of extraction (by the
ion extraction/preacceleration stage) the beam generally consists of
ions of several elements that help make up the recipe in the plasma
arc. The ions of the desired element are selected by use of the
analyzing magnet. Analysis is provided to the isotopic level.
Finally, in the "post acceleration" stage (ion acceleration column)
the ions are accelerated to the final energy that is needed for the
process. Such implanters can typically deliver up to 10 mA of the
selected ion at voltages as high as 200 kV. This is for singly
charged ions. Use of doubly charged ions usually costs about a factor
of ten in intensity, and of course, gains a factor of two in particle
energy.
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Although most of the features in the ion production part of the.
accelerator are rather general, certain design aspects are tailored to
the needs of the semiconductor industry for economy's sake. This fact
presents no serious barrier to finding or adapting equipment suitable
for other products, however, especially since there are firms that
produce general-purpose and research implanters.

The accelerator of the type illustrated in Fig. 6 provides all of
the key advantages often cited for ion implantation (see below),
including accurate dosimetry of the added dopant and extreme purity,
even isotopic purity, of the added dopant. However, for treatment of
some products, primarily metallurgical products, it has been argued
that it would be possible to retain many of the advantages of ion
implantation such as cleanliness, tolerance, uniformity, density and
coherency of treated layer, etc. while, in the interest of economy,
compromising some of the features provided by an accelerator of the
type described above. Accelerators based on this philosophy have
been designed and marketed [18]. Ttvv are intended primarily for ion
implantation of nitrogen ions. Nitrugen treatment has proved effec-
tive in a large variety of surface-related problems in ferrous pro-
ducts, aluminum and titanium alloys, and other mechanical products [19]
(see below). Accelerators designed for this use do not provide for
magnetic separation. Since a Freeman source that produces only nitro-
gen ions can operate with only nitrogen gas as a feed material, there
will not be too many impurity ions in the beam. Dosimetry in ion
implantation is generally by charge integration of the delivered beam.
This procedure is accurate in principle. For the nitrogen implanter
accuracy is somewhat compromised (without magnetic analysis) because
an ion beam produced from nitrogen gas contains both molecular and
atomic ions. The molecular ions split apart and act just like atomic
ions as soon as they strike the target. However the individual atoms
then have only about half the range of the atomic ions that were in
the same beam. This fact may be an advantage in helping to produce
uniformity of treatment with depth by use of a beam of only one
energy, however. Such an effect could be achieved with the "wafer
processor" by irradiating first with ions of one energy and then with
ions of another and so on. In fact the nitrogen ion implanter has no
objective capability that the other accelerator described above does
not have. But it does the job it is designed to do more economically.
The machine delivers about 10 mA of ions at up to 100 kV onto an area
of 20 x 20 cm. Several firms which provide ion implantation services
based on this equipment now exist in the U.S. and the U.K.

DUAL PROCESSING TECHNIQUES

Because of the two main limitations of direct ion implantation,
namely the sputtering limitation on concentration and the thinness of
the treated layer, there has been considerable interest in dual pro-
cessing techniques. The idea is to take advantage of the high energy
character of the ion implantation for densification, adhesion, and
mixing of the deposited material, in conjunction with a codeposition
technique that will lay down more material than direct ion
implantation. The simplest idea is just to first deposit a thin
coating of the desired material on the substrate by some suitable
technique such as vapor deposition or sputter deposition. Then the
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coating is totally or partially mixed with the substrate by use of an
ion beam of appropriate energy. The energy might be chosen so that
the peak in energy deposited with depth is at the interface between
coating and substrate. The beam constituent could be chosen to be
chemically neutral with respect to the system, for example, it could
be the same element as a principle constituent of the substrate or
coating, or it could be chosen to contribute some chemistry of its
own.

Referer es 20 and 21 describe two other codeposition ideas. Both
involve simultaneous ion bombardment and deposition from another
coating source in the target vacuum chamber. For the first, Colligan
has used a sputter source. For the latter, Kant and coworkers used
vapor deposition. In the latter case it was shown that adhesion of
titanium coatings to 52100 and M50 steels was greatly enhanced by
simultaneous nitrogen ion bombardment. Doubtless the coating had a
good bit of TiN character, but it wasn't gold colored.

Another name for these codeposition or dual processes is ion beam
enhanced deposition (IBED).

PRACTICAL AND ECONOMIC FACTORS

In this section certain factors that ir.ight affect a decision as to
whether or not to try ion beam processing for a given product or
improvement will be discussed. To start the discussioiji,! features per-
taining to ion implantation hav2 been divided into so called "basic"
advantages and disadvantages (Table 1) and "secondary" advantages and
disadvantages (Table 2). This division is somewhat arbitrary on the
part of the author. The idea is that a basic advantage is one that is
not likely to be met by a competing surface treatment at any price.
These are unique or very unusual features of ion implantation that
might provide the most important reasons for choosing the technique.
Similarly, a basic disadvantage is one which is not likely to be sur-
mounted at any realistic price in the near future. Assuming that ion
implantation might do the job in principle, secondary features are
those which might determine cost effectiveness as against market
potential or cost effectiveness in comparison with some competing sur-
face treatment, where available. There is no intent to overdraw this
division, however. In fact some of the features listed as secondary
might be quite basic for some products.

Table 1. Basic features oi ion beam processing

Advantages Disadvantages

1 . High Energy Process 1 . Only a shallow layer
0.05 to 0.5 microns can
be treated.

2. Precise control of dopant.

3. No abrupt interface between
substrate and coating. Loss
of adhesion is virtually
precluded.

12



Table 1. Basic features of ion beam processing (continued)

Advantages Disadvantages

4. Almost any element into almost
any target.

5. Amorphous states and many other
metastable states not available
via ordinary thermochemistry can
be produced by ion implantation.

Table 2. Secondary features of ion implantation.

Advantages

1 . Low temperature process.

2. Excellent dimensional
tolerance and low distortion,

3. Clean vacuum process.

4. Appearance of product.

Disadvantages

1 . High technology process

2. Professionl oversight
and skilled operation
needed.

?. Expensive plant.

4. Line of sight treatment.^
Manipulation may be
required.

5. Vacuum batch process.

6. Appearance of product

7. Performance of product
is difficult to predict
in advance. R. & D.
still required for each
new type of application.

Space does not permit detailed rationalizations of the claims in
Tables 1 and 2. Precise control of dopant was a very important factor
in choice of process for the silicon industry where it is necessary to
add carrier concentrations of the order of 1 ppm, and do it precisely.
By "low temperature process" one means that high temperatures are not
necessary to achieve -penetration. The temperature might well be
controllable at any level from cryogenic temperatures to quite high
values if desired. Most of the energy of the beam eventually turns up

13



as by product heat deposited in the target. This heat must be removed
if low temperatures are to be maintained. Generally this has not been
a problem.

Dimensional tolerance, low distortion, and extreme cleanliness of
product are often said to be very important factors In cases where ion
implantation is the preferred method of surface hardening for produc-
tion tooling. Appearance of product has been both an advantage and a
disadvantage. Usually a polished metal product comes out looking just
like it did when it went in. There is in general no exotic color
which will enhance marketability, nor is there any quick visual
inspection which will assure quality or uniformity of treatment. On
the other hand there is no discoloration which will detract from the
cosmetics of the product either. It can be argued that advantages 4
and 5 in Table 1 will be most important in the long run, even though
few products of commercial importance that make use of these features
have yet appeared. Consider for example the potential role of feature
4 (any element into any material) as an aid to producing interfacial
bonding between materials that have generally been considered to be
totally incompatible chemically. An adhesive interface between a
metal and a plastic might be built by ion implantation, for example.
Then material could be added to either side by traditional processing
techniques.. For ion implanted orthopaedic products [22] advantage 3
in Table 1 and all advantages in Table 2 were important, either to
objective success or to commercial and regulatory acceptance.

Capital costs for implantation equipment and the ancillary plant
are such that the entrepreneur providing ion implantation as a service
needs,to earn in the neighborhood of $500 to 1200 per shift for man
and machine, depending on variables. These costs are not out of line
with many others where modern production equipment is used. One to
twenty research samples might be treated on a shift depending on
details. In any case ion implantation costs are usually not the most
expensive part of research and development in this area. Naturally,
for productions runs of considerable scale these costs can translate
into very reasonable unit costs. Again experience in the silicon
industry provides some guidance. It is said that one ion implantation
pass on a silicon wafer (3 in. diameter) now costs about $3. The more
rugged mechanical products may require larger doses than silicon
wafers, but are easier to handle.

Figure 7 is a diagram in which various types of curface treatments
are compared in terms of the areas occupied on a plot of energy of the
process versus degree of ionization. For example pure ion implan-
tation spans an energy range from about 10 keV to a few hundred keV
and the beam is essentially 1007o ionized. The reason for choosing any
ion treatment, e.g., ion plating, over a thermal process is the den-
sification, adhesion, and general integrity of the coating that
results. Apparently this trend continues all the way to the energies
of ion implantation. In one potential product application of interest
to the U.S. Government it was found that an ion implantation treatment
which affected only the first 0.05 ym of uranium coupons was more
effective in inhibition of corrosion in water vapor than 5 pm of the
best aluminum ion plated coating that exists. Per unit of thickness
the ion implanted layer is 100 times more effective than the ion
plated coating. Doubtless localized attack and undercutting of the
coating was the reason for the failure of the ion plated coating.
Such mechanisms could have been a factor in failure of the ion
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Figure 7. Ranges of materials processing parameters in terms of
energy and degree of ionisation for various types of surface treat-
ments. PVD = plasma vapor deposition. CVD = chemical vapor deposi-
tion. PACVD = plasma assisted chemical vapor deposition.

implanted surface too. Nevertheless, for such a surface to have per-
formed as well as it did for that thickness, it must have had extremely
good uniformity and density.

APPLICATIONS

Research and development in ion beam implantation is now directed
toward modification of surfaces of materials with respect to almost
every conceivable type of property, electrical, optical, chemical and
catalytic, tribological and others. The present discussion will iden-
tify some of the commercial activity for products whose function is
largely mechanical. At present commercially successful products are
mostly of metal. Considerable basic research has been done at Oak
Ridge National Laboratory on ceramics that might be of interest in
production tooling (alundum, silicon carbide, TiB2, cubic BN). There
are interesting improvements in hardness and resistance to brittle
fracture, but as yet no commercial application has directly resulted.

As a philosophy many workers in the field of ion implantation have
believed that early products treated by ion implantation would be very
expensive ones with unique problems in corrosion and wear. Surgically

15



implantable orthopaedic devices and uranium components have already
been mentioned as examples. The die of D2 steel for production of
aluminum beverage can tops might provide one such example for the tool
industry [23] . One might expect ion treatment to be of the most value
for tools of extremely close tolerance, highly polished, perhaps with
custom hand tooling, and also for which hardening by heat treatment
tends to be precluded by refinishing problems, distortion, etc.
Traditional metallurgical considerations such as support of the ion
treated "case", and toughness of structural substrate apply for ion
implantation treatments, too.

Two types of ion beam treatments have proven to work in enough
cases for metal products that they might be considered to have general
value. The first is direct nitrogen implantation, already mentioned.
Table 3 is a list of tools that have been successfully treated by this
process. This list is by no means exhaustive.

Table 3. Examples
products

Tool

Blanking punch

Chasers

Draw die

Draw dies

Flanging die

Forming dies

Forming punches

Pierce punches

Pierce punches

of successes

Material

D2

Tool Steel

D2

D2

D2

W1

D2

M2

M2

in nitrogen ion implantation

Application

Hot-rolled steel

Cutting threads in
380 aluminum

Drawing .140 in.
hot-rolled steel

Drawing .035 in. 304
stainless steel

.080 in. hot-rolled
steel (flywheels)

.042 in. cold-
rolled steel

Forming electrical
connectors

1/? in. hot-rolled
steel

.050 in. 301 stain-
less steel

i of metal

Results

5X life

5X life

22X life
before
polishing

10X life

80X life
before
polishing

Pickup
reduced,
improved
finish on
part

At least
607o longer
life

12X life

307c longer
life
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Table 3 (Cont'd)

Pilot pins

Plastic forming
dies

Reamers

Slitters

Sprue bushings

Taps

Thread form taps

Ultrasonic welding
electrodes

M2

St. Steel

Carbide

Carbide

.003 in. 301 stain- 5X life
less steel

Shaping vinyl siding Wear rate
reduced

Finish reaming gray 2X life
cast iron

Cutting rubber
belts

P20 (chromed) Injection molding
thermoset (20%
glass)

M2 (chromed)

M2

D2

Tapping cold-rolled
steel nuts

Friction
reduced
30%

At least
3 ,5X life

8X life

Tapping 380 aluminum 2X life

Welding aluminum to
steel

2.5X life
(mechan-
ical wear)

*Information courtesy of Ion Surface Technology, Inc. Clawson, MI

The second treatment of general value is a tandem ion implantation
of first titanium and then carbon. This process is an outgrowth of
independent bodies of research at Sandia National Laboratories and
Naval Research Laboratory [24]. It was found that ion implantation of
Ti into steels was accompanied by incorporation of carbon originating
from carbonaceous molecules in the vacuum system. The effect occurred
because of the special affinity that Ti has for carbon. The result
was a glassy, amorphous, surface layer of Ti, Carbon, and iron. The
surface had very desirable friction and wear qualities. In commercial
application the refinement is to properly tune the process by ion
implantation of the optimal amount of carbon. Products successfully
improved by this process include but are not limited to dental drills,
a variety of steel punches, drills and dies, and injection mold
toolings. The process can be executed by use of the MANTECH facility
described above.

Turning again to the MANTECH program, the engineering aspects of
the job are of general interest to the future of metallurgical
processing. In this case the interest of the Navy was in corrosion
inhibition. Martensitically hardenable bearing steels, such as 52100,
were satisfactory in terms of wear resistance, but were not resistant
enough to pitting corrosion in environments subject to salt water
spray or salt water vapors. It had been found in laboratory studies
that ion implantation of chromium was sufficient to give extended
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life. The requirements for practical commercialization were
formidable. Spherical bearings had to be implanted uniformly over the
surface. They needed to be implanted in sufficient quantity to
achieve low unit costs. At the same time, because of the sputtering
problem described above, the angle of incidence onto the spherical
surfaces had to be restricted to near-radial directions. Sufficient
cooling for removal of beam heat needed to be provided to prevent
inadvertant tempering of martensite. The design accomplished these
objectives [16,17], and the result is another important step toward
wider use of ion beam processing technologies in industry.
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