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ABSTRACT 

Ion implantat ion is a new technique (presently used commerc ially 
in the semiconductor indust ry) for t reat ing the surface of  metals 
that has shown a pot en t ial for producing orders o f  magnitude improve
ment in wear and corrosion appl ications . Improvement s  in the surfaces 
of opt ical elements  and novel opt ical components  may also be possible 
through use o f  the process . The obj ect ive o f  the present study was 
to assess the value o f  ion implantat ion in appl icat ions o f  int erest 
to  the Department o f  Defense and the Nat ional Aeronautics  and Space 
Administrat ion . Because the appl icat ion of ion implantat ion to  
metallurgy is very new , little  definit ive informat ion is available . 
The general feel ing of t hi s  committee is that the resul t s  report ed 
are promising enough to j ustify a vigorous pursuit of the knowledge 
that will permit a full evaluat ion o f  the more promising po ssibil it ies , 
and perhaps , a real izat ion of the appl icat ion o f  ion implantat ion to 
improve component s .  

The report begins  with a very brief summary of the committee's 
princ ipal conclus ions and recommendat ions . These subj ect s  are dis
cussed at greater length in Chapter 1 0 ,  the last chapter o f  the report . 

Chapter 1 introduces the subj ect of ion implantat ion by describing 
it s use in the semiconductor indust ry and comparing requirement s for 
the treatment of  metals and semiconductors . Chapters 2 and 3 deal with 
exist ing knowledge concerning the improvement o f  the mechanical and 
corrosion characterist ics of metal surfaces by ion implantat ion . 
Chapter 4 .  discusses the applicat ion of ion implantat ion to  the modifi
cat ion of opt ical propert ies of  materials .  Chapter 5 compares ion im
plantat ion with ion plat ing , which is  emerging as another useful 
surface treatment technology . 

Chapter 6 discusses pulsed anneal ing , a newly discovered t echnique 
for modifying a surface after ion implantat ion .  Chapter 7 illustrates 
how implantat ion of one metal spec ies into  another can be used to 
explore the metallurgy of  novel systems , even though the alloys formed 
may eventually be produced by more convent ional means . Chapter 8 
br iefly discusses the unsat isfactory state o f  ava ilable methods for 
accurat ely predic t ing the location of  implanted ions in a substrat e .  
Chapter 9 concerns the equipment required to  prac t ice ion implantat ion .  
As ment ioned , Chapter 10  gives the comittee's conclusions and recommen
dations in some detail . 

The references are intended to be illustrat ive and are only a 
sample of the literature in the field . The proceedings o f  recent 
conferences provide surveys of ongoing act ivit ies in ion implant�t ion , 
and a short bibliography o f  these is appended . 
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SUMMARY 

Ion implantat ion has become a useful part o f  semiconductor 
processing technology . Exploratory studies o f  the effec t s  o f  ion 
implantat ion on such surface propert ies of metal s as hardness , wear , 
and corrosion have d iscovered cases in which remarkable benef ic ial 
effec t s  can be produced . 

Recommendat ions 

1 .  Ion implantation has shown a potent ial for producing signi
f icant improvement in rates  of  wear and corrosion o f  metal component s .  
I t  i s  recommended that a task force in the Department of  Defense 
ident ify applicat ions in which surface propert ies do not meet DoD need s 
and evaluate  the possible use of  ion implantat ion in such cases . 

2. Ion implantat ion is l ikely to be most  economically feasible 
when appl ied to  small components . The appl icat ion of ion implantat ion 
to the improvement of  metal cutt ing tool life deserves spec ial atten
t ion . A variety of new alloying add it ions should be tried . 

3. In the f ield o f  corrosion , there are also many opportunit ies 
for the study of alloying add it ions that cannot be added by conven
t ional metallurgical techniques . Thus , further work should be done on 
previously unexplored alloying addit ions . 

4 .  It is  difficul t to  base general izations and predict ions upon 
the exist ing knowledge because the atomistic phenomena that are respon
sible for the effec t s  are often not well understood . Research aimed 
at unravel ing the mechanisms that underlie known beneficial effec t s  of  
ion implantation in metal s should be undertaken . 

5. An adequate understanding o f  the atomic phenomena that cause 
the observed improvements in properties would be greatly accelerated 
by the involvement of  university departments of metallurgy in the 
needed research .  Access  to ion implantation equipment is l ikely to  be 

1 
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a barrier to the part ic ipat ion o f  univers ity departments  in implantat ion 
metallurgy . Funding arrangement s  that insure access to ion accelerators  
by  univers ity departments  o f  metallurgy should be favorably considered. 

6 .  Experimental and theoretical research to increase the reli
ability of  predict ions o f  the range and distribut ion of implant ed ions 
is  desirable .  

7 .  There are opportunities t o  conserve mater ials  in short supply 
by replac ing bulk alloys and electroplated coatings with ion implanted 
layers . Quant itative estimates  o f  the potent ial impac t of  ion implan
tat ion on requirement s  f o r  crit ical material s are needed . 

8 .  Ion plating is a t echnology largely complementary to ion im
plantat ion. The coat ings produced by ion plating are convent ional in 
composit ion and struc ture , and do not raise the pressing basic issues 
that are encountered in ion implantat ion metallurgy . Out standing 
quest ions concern the mechanisms that produce the good adherence o f  
plated layers and that control the microstructure o f  the coat ing . 
Research oriented towards understand ing the factors  that are respon
sible for the excellent adhesion and that determine the microstruct ure 
of  ion plated coat ings should be undertaken. 
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Chapter 1 

INTRODUCTION: MODIFICATION OF MATERIAL 
PROPERTIES OF ION IMPLANTATION 

Ion implantat ion is the process of int roducing alloying element s 
into  a host material by accelerat ing them to a high energy (at least 
tens of kilovolts) and allowing them to strike the surface of the host. 
The impinging atoms penetrate into the substrate material to a depth 
of  0.01 to 1 micron , depending on the  atomic number and energy o f  the  
atom , and create a thin alloyed surface layer on t he substrat e . The " ·; 
process differs from others such a s  electroplating in that it does not 0� • •  \ , .,. 

' 

produce a discrete coating; rather , i� alters the chemical compo siti£P \' 
near the surface o f  the base mat erial. 

In recent years , the electronics industry has made increasing use 
of ion implantat ion as a method of doping semiconductors. S ince the 
number o f  ions implant ed is determined by the charge t ransferred to 
the substrat e and t heir depth distribut ion by the incident energy, ion 
implantat ion has great ly improved the controllability and reproduc 
ibility of  certain semiconductor device processing operations. In ad
d ition ,  ion implantation processes do not require t he high t emperatures 
needed to introduce  impurities by diffusion , so that l imitations arising 
from the changes produced in materials by high temperatures are eased . 
Ion implantat ion is also used in electronics to change the magnetic 
properties of  substrat es used for magnet ic bubble devices . 

The advantageous use of  ion implantat ion in semiconductor pro
cessing has led to the development of  saf e ,  r el iable , easy-to-operate 
equipment for performing implantations and has led to wide ava ilability 
o f  accelerators for implantat ion research. As might be expect ed, the 
existence o f  equipment and people experienced in ion implantation t ech
niques has led to studies of implantat ion into many materials other 
than semiconductors . Such experiment s have shown that t he properties 
of  surfaces with  regard to such phenomena a s  friction , wear, fatigue, 
and corrosion can be changed by ion implantat ion and have uncovered 
excit ing possibilit ies for improving the functional capabil ity of  
mat erials in a var iety o f  appl ica tions . However, few of  t he se po ssi
bilities have been explored in enough detail to verify that a useful 
new technology might develop . Furthermore, the result s  obtained are 
frequently so unusual and unexpect ed that t hey defy explanat ion in 
t erms of simple atomistic mod els. Thus, metallurgical and solid-stat e 
theory is not a complet e guide to what may be expect ed in the future. 

3 
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Nevertheless , one can be confident that research on novel appl i
cat ions of ion implantat ion will cont inue and grow. The striking 
changes in propert ies that can be achieved , combined with the advan
tages of ion implantat ion , as compared with alternat ive methods o f  
treat ing surfaces , guarant ee last ing int erest in the topic . The 
following advantages can be cited for ion implantat ion : 

• A variety o f  ion species can be implanted wit h the same 
basic apparatus . Almo st all element s o f  the period ic table 
have been implant ed . 

• Ion implantat ion is a low-t emperature proces s .  It can 
often be added to the end o f  a product ion line without 
affec t ing exist ing opera t ions . 

• The surface o f  f inished product s  can be t reat ed without 
introducing s ignificant d imensional changes and wit hout 
changing bulk propert ies . 

• The proces s  is  easily controlled through the elect rical 
signals applied to the accelerator . 

• Novel nonequilibr ium structures and metallurgical phases 
with propert ies that cannot be duplicat ed in bulk material 
can be produced at  the surface. 

• Ion implantat ion creates  no problems of  d ispo sal o f  wast e 
product s ,  as  does electroplat ing . 

• The absence o f  a discont inous int erface between the implanted 
surface layer and the bulk l eads to excellent adhesion of 
the implant ed layer . 

In addit ion to these pot ential  advantages o f  the appl icat ion o f  
ion implantat ion t o  t echnology , the preparat ion o f  nonequil ibrium 
phases offer s  new opportunities  for metallurgical research . Even in 
the absence o f  engineering appl icat ions , these bas ic  studies can be 
expect ed to cont inue . 

Some phenomena t hat are encount ered in implanted layers and that 
can play a role in the product ion of  unusual propert ies are as 
follows : 

• As ment ioned , new metallurgical phases wit h previously un
known properties can be formed . In certain cases , such as 
heavy implantat ions of  tanta lum in copper or pho sphorous in 
iron , amorphous or gla ssy phases can be formed . 

• If  the implant ed atoms are mobile ,  inc lusion s and prec ipi
tates can be formed . For exampl e ,  implanted argon and 
helium atoms are inso lubl e in metal s and may form bubbl es . 
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• The composition o f  a surfac e layer can be changed by differ
ent ial sput tering caused by the implant ed ions . 

• Damage and high concentrat ions o f  l at tice defect s ,  result ing 
from atomic d isplacement s produced by the incident atoms , 
can change the chemical react ivity and mechanical hardness 
o f  a t reated surface .  

• Implantation can enhance the diffusion o f  impurit ies already 
deposit ed in a subst rat e ,  presumably through the mot ion o f  
the high concentrations o f  lat t ice defec t s  produced b y  the 
inc ident ion s .  

• Cooperative effects of two implant ed species can occur ; for 
example , implantations of  both molybdenum and sulfur into 
steels seem to have an effect similar to lubricat ion with 
MoS2 • 

• Sur fac e layers , either contaminants or deliberately deposit ed 
layers , can be driven into the subst rat e  by impinging atoms . 

• Surface layers with convent ional ( in the sense that they 
are the same as in bulk material of the same composi
t ion) chemical ,  opt ica l , magnet ic , and mechanical prop
ert ies may be produced . 

Ion implantation must be compared with other methods o f  treat ing 
surfaces . Treatments  such as carbur izing and nitriding involve diffu
s ion of  impurit ies into a mat erial at  high t emperatures . Such processes 
can easily provide a deeper penetration of  the impurity than do es ion 
implantat ion , and are ind ispensable when deep penet rat ion is required . 
On t he other hand , the high t emperature required by diffusion processes 
can cause changes in the bulk of the substrate and may require f inishing 
o f  the part aft er heat t reatment to achieve precise dimensional control . 

Ion implantation should no t be confused with ion plating . The 
lat t er process appl ies a coating wit h  negligible penet rat ion into the 
subst rat e  due to the applied voltage . A more d etailed comparison of 
ion plat ing with ion implantation is given in Chapt er 5 of this report . 

Applicat ion o f  coatings by such means a s  electroplat ing and evapo
ration also has many uses . Adhesion of the coating to the substrate  
and inclusion of  contaminant s at  the  int er face can be  problems with 
these methods . The absence of a sharp int erface is a basic advantage 
of ion implantat ion and reduces suscept ibil ity to the same problems . 

Naturally , useful conventional processes wil l not be easily dis
placed . Ion implantat ion requires expensive tooling and provides only 
low rat es of mat erial  deposit ion . It  is not likely to replac e other 
methods except in high-value appl icat ion s where more convent ional pro
cesses are unsat isfactory . 

Some o f  the l imitations of  ion implantat ion may be seen by com
paring the semiconductor and metallurgical appl icat ions o f  the t echnique . 
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For electronic appl icat ions , includ ing not only doping of  semiconductors 
but also integrated opt ics and magnet ic bubble devices , a single planar 
surface is implanted . Metallurgical applications will often require im
plantat ion o f  all exterior surfaces o f  a part  and thus mechanical mani
pulat ion of substrates in the implanter . Certain port ions of  the surface 
of complex shapes may be inaccessible to t he l ine-of-sight capability o f  
part icle accelerators . Thus i t  appears that ion implantat ion with any
thing resembling convent ional equipment will not be applicable to sur
faces such as the interior of gun barrels , for example. 

Implantat ions in semiconductors are almost  always int ended to pro
duce volume concentrat ions of less than 0 . 1 atomic percent , and are 
frequently aimed at concentrat ions of less than one part per mill ion . 
Nonsemiconductor applicat ions are more likely to require concentrat ions 
of percent s .  The number of ions implanted per unit area is called the 
fluenc e .  Thus , semiconductor appl icat ions call for f luences in the 
range of  1 012 to 1 016 �er cm2 , whereas metallurgical applicat ions will 
require fluences of  1 0  4 to 1 018 per cm2• Equipment intended for non
semiconductor implantations will have to deliver high beam currents . 

In semiconductor applicat ions , the workp iece into which ions are im
planted is no larger than a wafer , an area o f  less than 1 00 cm2• Areas of  
this magnitude are encountered in metallurgical appl icat ions--for example , 
a ball bearing or a lathe tool--and such applications may allow early 
penetrat ion of ion implantat ion into technologies other than semicon
ductors . Other potent ial appl icat ions , such as enhancement of corrosion 
resistance ,  may involve areas of many square meters . Indeed , one can 
think of  possible applicat ions , such as inhibit ing corrosion of a large 
structure , that require treatments of  several thousand square meters. A 
new kind of  tool ing would obviously be required to ut ilize  ion implanta
t ions in the potential large-scale applicat ions . 

High homogeneity is sought in semiconduc tor appl icat ions ; that is , 
the concentrat ion o f  the implanted spec ies should not vary by more than 
a few percent over the surface of a wafer . Metallurgical requirements 
on homogeneity will probably be far less stringent . 

The implantat ion of  ions into semiconductors is usually pat terned; 
that is , some areas of the substrate are covered by a mask that stops 
the incident ions before they enter the substrat e .  Blanket applicat ions 
are more likely to be encountered in metallurgical applicat ions , which 
thereby are freed of  the use of masking t echnology . 

A doped layer in which the implanted atoms are locally in an 
equilibrium phase is usually desired in semiconductor implantat ions . 
Thus , implantat ion into semiconductors is  usually followed by a high 
temperature annealing treatment , which removes radiat ion damage through 
diffusion of lat t ice defects to defect sinks and recyrstallizat ion o f  
disturbed regions . Metallurgical implantat ions , o n  the other hand , are 
often oriented toward product ion of a nonequilibrium surface layer and 
avoid the anneal ing step . 

The most promising nonelec tronic appl icat ions of  ion implantat ion 
appear to be in the areas of improving hardness or wear resistance , 
and decreasing suscept ibil ity to corrosion . Other important nonsemi
conductor applicat ions , such as modifying the propert ies of magnetic 

Copyright © National Academy of Sciences. All rights reserved.

Ion Implantation as a New Surface Treatment Technology
http://www.nap.edu/catalog.php?record_id=19823

http://www.nap.edu/catalog.php?record_id=19823


7 

films for bubble devices and int egrated optics , have much in common 
with  semiconductor appl icat ions . They involve pat terned implantat ion 
of planar surfaces and areas in the semiconduc tor wafer range . Other 
opt ical appl icat ions are based on the abil ity of ion implantat ions to 
reduce the deteriorat ion of metall ic mirror surfaces . 

A further mot ivat ion for the exploitat ion o f  ion implantat ion in 
certain alloy systems is the reduc t ion of  nat ional rel iance on foreign 
sources  of  metallic element s .  The case of  chromium has received par
t icular attent ion [NMAB ( 1 ) , and Covino , et al ( 2 ) ] . For example ,  
about 1 07 Kg of  chromium i s  used annually-rn-electroplat ing ( 1 ) . S ince 
ion-implanted layers will be hundreds or even one thousand t imes thinner 
than electroplated layers , this use of chromium might be substant ially 
reduced by replac ing plating by ion implantat ion . The treatment of 
f inished part s by ion implantat ion may offer opportunit ies to displace 
bulk alloys o f  chromium in appl icat ions where electroplat ing is unsat is
factory because o f  the d imensional changes that it  causes . However , it  
must  be remembered that  ion implantat ion is  not  l ikely to  be applied to 
st ructures o f  very large s iz e  and the thin implanted layers may not be 
func t ionally equivalent . Quant itat ive est imates  o f  the pot ent ial impact 
of  ion implantat ion on the use of  crit ical mat er ials  are needed . 

In addit ion to its  use in improving the propert ies of  surfaces  in 
appl icat ions , ion implantat ion has been used as a research tool for ex
ploring t he effect of  alloying add it ions on surface propert ies , even if  
it is int ended that the alloy be prepared in some other way in a 
product ion process . 

Int erest in appl icat ions of  ion implantat ion exist s throughout the 
world . As in the United States , appl icat ions in the rest of  the world 
have centered on semiconductors . Brit ish workers at the Atomic Energy 
Research Established (AERE) at the Harwell Laboratory in Britain have led 
in the explorat ion of  implantat ion to  improve the mechanical propert ies 
of  metal s ,  and have attract ed attent ion to nonelectronic applicat ions . 
The Brit ish have also been in the forefront of  work on corro sion . How
ever , the United States leads in research on the metallurgical phenomena 
that underl ie the desirable effec t s  that can be produced . The d iscovery 
of laser anneal ing of ion-implanted surfaces is cred ited to workers in 
t he USSR . 

Studies of  the metallurgical applicat ions of  ion implantat ion in 
the United States have been concentrated in university and federally
funded and government laboratories . Appl ied laboratories in industry 
and government will become inc reasingly involved as the capabilit ies 
of the t echnique for solving part icular problems become bet ter known. 
Indeed , the potent ial for impact on product s  is at least as great in 
metallurgical appl icat ions as it has been in semiconductor applicat ions , 
where ion implantat ion is a step in the manufacture of  over $ 1  bill ion 
worth of produc t s  each year. The cut t ing tool industry is of com
parable magnitude . An improvement in tool l ife would be reflec ted in 
a reduced cost to DoD of many component s. 

No d iscussion of ion implantat ion would be complet e without men
t ion of the analyt ical tools that enable those in research and develop
ment laboratories to explore the atomist ic nature of the phenomena 
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involved . The det erminat ion o f  the positions o f  atoms a fter they have 
been implant ed and a fter var ious kinds of  t reatment and use is an es
sent ial part o f  the opt imizat ion o f  processing parameters and t echniques, 
o f  analysis o f  unsatisfactory performance , and o f  predict ion o f  ul t imat e 
ut ility . The tools that have proved most useful in studying implanted 
species are nuclear backscat t ering (the reflect ion of  energetic  light 
atoms impinging on a surface) , and sputtered-ion mass spectros copy 
(SIMS ) .  Nuclear backscattering can determine not only the depth o f  im
planted ions but also their locat ion in the lat tice in single crystals. 
SIMS apparatus has a very high sensit ivity and can follow the d istribu
t ion o f  implanted atoms through a wide range of  concent ration . 

This report is devoted to a more detailed discussion o f  the possi
bilit ies ment ioned and this committee's evaluat ion of their potential . 
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Chapter 2 

HARDNESS AND WEAR 

Extremely int erest ing report s of improvement s in the hardness and 
wear resistance o f  steel and carbide components as a resul t of implanta
t ion with nitrogen have been publ ished by workers at  the Harwell  Labo
ratory of t he United Kingdom Atomic Energy Research Establishment 
[Hart ley ( 3 , 4 )  and Dearnaley ( 5 ) ] . The published work shows : 

1. Improvements in life  by a factor of  4 are typical [Dearnaley 
(5 ) ] for steel components  such as paper and rubber cutting 
tools , metal forming tools , and taps for plastics . A similar 
increase is found in cemented t ungsten carbide wire drawing 
d ies .  

2. The benefit s of  ion implantat ion on wear may persist  to  a 
depth 103 times that of  the implanted layer thickness . The 
implanted atoms are apparently transported into the metal as  
the tool wears . 

3 .  Volumetric wear rates o f  a nitriding s teel are improved by 
two orders of  magnitude by nitrogen implantat ion at l ight 
loads , but the improvement drops steadily at higher loads . 

These marked and persistent improvement s are att rac t i ve ,  but en
t irely empirical . Thu s ,  there is currently no way to predict behavior 
or be reasonably sure that the optimum result s  for a given system 
have been achieved . A very f ine nit ride precipitate is  suspect ed to 
play a role in the implant ed st eel [Longworth and Hartley ( 6 ) ] . The 
beneficial effec t s  in cement ed t ungsten carbides , or the persistence 
of this benefit to dept hs much deeper than the init ial implanted layer , 
could be due to  a similar precipitate in the metall ic matrix .  

These phenomena have obvious pot ent ial appl icabil ity t o  two other 
areas: metal cut t ing tools and bearings . A good  deal of expense is 
associated with the replacement of these components necessitated by 
wear , so the cost of ion implantat ion may be j ust ified . As the advan
tages o f  ion implantat ion are somewhat different in the two cases , t hey 
are discussed separately . A further subj ect , fat igue , which is relat ed 
to the mechanical propert ies o f  surfaces ,  is also cons idered . 

9 
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10 

Cutt ing tools used for machining modern high-strength mat erials 
used on aircraft  and other weapon systems are a high recurring cost 
i tem for machining operat ions . The U . S .  market for cut t ing too ls o f  
steel and carbide has been est imat ed at  $900 million per year 
[Dearnaley ( 5 ) ] . Because of the amount of amount of machining done 
per year, improving wear life  of cutting tools is economically 
important . 

Grinding, mil l ing, turning , and broaching are major metal removal 
operat ions. Cut t ing tool s used for these operations include end mills, 
t aps, reamers, drills, and lathe tools . 

Many cut t ing tools are made from heat-t reated high-speed steel . 
High-speed steel is a high carbon steel alloyed wit h  tungst en , chromium, 
and vanadium . Molybdenum or cobalt can also be used to increase 
st rength . An increase in the tool life o f  high-speed st eel can be ob
tained by a nitriding process . Many other cut t ing tools are made from 
high-st rength steels coat ed with eit her tungst en carb ide, t itanium car
bide , or a ceramic mat erial. In some cases, the cut t ing edge is pro
vided by cement ing or mechanically fast ening a carbide insert to the 
high strength  st eel tool . 

In the application of  ion implantation to cut t ing tools, carbon 
or nit rogen ions would be implant ed in t he edge surfaces of the tool . 
Depths of  penet rat ion o f  over 100 nm can be achieved wit h  current 
t echniques . The implant ed carbon or nitrogen forms a shallow hardened 
layer t hat has been shown to prov ide good resistance to mild wear 
[Dearnaley and Hart ley ( 7 ) ] . I f  successful, the use o f  implantation 
to improve tool l ife  would have the following advantages : 

• It  is  a low-temperature process result ing in negligible 
d istort ion. 

• Dimensional tolerances are unaffect ed .  

• Any element can be applied to any metall ic substrate .  

The last i s  an important advantage and greatly  broadens the scope 
o f  element s and combinat ions of element s that could contribute  to im
proved tool lif e .  Hart ley has stated [Hartley (4 ) ] , "For example, the 
diffusion of Fe into Co, largely by a grain boundary mechani sm, is 
known to occur during the machining of iron. Gregory (Ref . 8 of this 
Report ) has proposed , from a series of  experiment s on Armco iron, that 
the controlling pro ces s during carbide wear is the leaching out of  
Co from t he tool into the  workpiec e .  Thus by  implanting a mutually in
solubl e species such as Cu into t he surface of such a tool, int erdif
fusion could be reduced with a corresponding increase in tool or d ie 
lifet ime . "  

Known disadvantages o f  ion implantation for cutt ing tools are : 

• The hardened layer is very shallow. 
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• The process is l ine-o f-sight. 

• It  is a high-t echno logy process requiring skilled labor. 

• Target ( substrat e)  manipulat ion is needed for cutt ing t ool 
shapes. 

Mo st cutt ing tools are used in applicat ions in which wear rates 
are very high , t herefore , the effect iveness o f  the shallow implantat ion 
naturally causes skept icism. Some work has shown that implanted ions 
migrate  inward during wear. The migration may occur so as to place 
the implant ed atoms in a region where they can be most effect ive. Im
plant ed atoms have been reported to be t ransported to thousands o f  
t imes t heir original dept h ,  and st ill dominat e  surface behavior 
[Dearnaley ( 5 ) ] . 

The remaining disadvantages must be addressed through equipment 
development . The use of high voltages to increase depths of penet ra
t ion also deserves to be explored and is within the scope o f  exist ing 
ion beam t echnology. 

B .  BEARINGS 

Two a spects  of ion implantat ion t hat have been mentioned make it s 
application to bearings especially attractive. Dimensional changes ac
companying it s applicat ion to a fin ished product are only a few micro
inches. Thus , the customary supplier o f  a part  can be used and no modi
f icat ion of the f inal process or use is  needed. Also , t he smooth t rans
ition between implanted surface layer and bulk reduces problems of sur
face layer spalling . 

Preliminary results  bear out this promise. The main published work 
here comes from t he Naval Research Laboratory [Hirvonen ( 9) ] . Inject ing 
nitrogen into hardened st eel ball bearings decreased the wear rat e by a 
factor o f  two . Much more striking changes in hardness and wear rate  
come from putt ing a surface layer on  so fter metals . For example , boron 
injected into beryllium surfaces of prec ision gas-gearing component s 
significantly increases t he surface hardness , and is currently being 
evaluat ed as an alt ernat ive to applying a hard oxide layer , which some
t imes has poor adherence .  

Fric tion i s  intimately related to wear but has no t been as 
thoroughly s tudied. I t  is clear that ion implantation can be used 
to reduce fric tion in at least two ways. Hartley has shown that 
the fric tional force between a tungs ten carbide ball and a case 
hardened s teel surface was decreased by implanting the s teel with 
tin ,  or with molybdenum and sulfur in the ratio of 28/Mo [Har tley , 
et  al (3 ) ] . A less quantitative , but prac tically more  important , 
observation also s tems from the work at  Harwell. It has been found 
that implanted drawing d ies no t only wore longer but provided a 
better surface on the drawn produc t ,  thus implying less fric tion 
between the die and the drawn rod [Dearnaley ( 7 ) ] .  
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C .  FATIGUE 

1 2  

Nitrogen ion implantation has been found to increase the fatigue 
life of a rotat ing carbon steel beam at loads less than 90 percent on 
the yield stress and does not change it at stresses above the yield 
stress [Wen-Wei Hu , (1 0) ] . Hartley has also reported an improvement 
by a factor of eight to t en in the fat igue lifet imes of nit rogen
implant ed t itanium stainless st eel and maraging steel [Hartley ( 1 1) ] . 

These promising results seem consist ent with current understanding 
of the mechanisms of fat igue failure .  Fatigue cracks start at  a sur
face , and there is a close connection between surface hardness and 
fatigue life . Compressive stresses due to the presence of addit ional 
implant ed ions may also play a role in t he suppression of crack init ia
t ion . It is difficult to assess the potent ial in this area , except to 
note  again that the effects report ed by Hartley (11 )  seem quite  
significant . 
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Chapt er 3 

CORROSION AND OXIDATION 

A. CORROSION AND ION IMPLANTATION 

The product ion o f  corrosion-resistant materials by alloying is  
well  established , though frequently not well understood [Dearnaley ( 1 2 )  
and Grant (13) ] . Two factors  seem to be most  important: the nobleness 
or  electrochemical pot ent ial of the alloy component s and the durability 
and defect propert ies o f  protective f ilms that are formed . For example , 
the incorporation of a galvanically more noble element will lead to  re
duced corro sion . Element s like chromium , nickel , t itanium , and alumi
num d epend for their corrosion resistance upon a tenacious surface oxide 
layer called the passive film .  The stable and compact passive films 
formed by these element s provide improved corro sion resistance . Thus , 
alloying addit ions which give rise to better passive films are benefi
c ial and can be used to produce corro sion-resistant alloys . 

Alloying element s  added for t he purpose of passivation must be  in 
a solid solution . The pot ent ial of ion implantat ion is important , 
since restrictions deriv ing from equilibrium phase d iagrams frequently 
do not apply ( i . e . , concentrat ions of element s beyond t he limits  of 
equilibrium solid solubility might be incorporat ed) . This could , in 
fact , lead to hereto fore unknown alloyed surfaces which are ext remely 
corrosion resistant . 

Ion implantat ion is  likely to play a role in enhancing corro sion 
resistance only in selected ca ses where bulk alloy addit ions are un
satisfactory . Such cases might arise : if the desired alloying element s 
d egrade a desirable property of the subst rate , such as  fat igue life  o r  
electrical conduct ivity; if  the expense o f  preparing the desired alloy 
is large; or if no appropriat e bulk alloy is  known; and , if , in addition , 
other methods o f  surface treatment s are unsat isfactory .  Further , how
ever , ion implantat ion is playing an important role in corrosion science , 
in the study o f  the atomist ic mechanisms involved in corro s ive reactions . 

Work on the effects  of ion implantat ion on corro s ion has concen
trated on ferrous alloys and t i tanium. The presence of chromium in iron 
leads to the format ion of a stabl e ,  t enacious oxide . Oxidat ion occurs 
by diffusion of oxygen through t he prot ec t ive film; diffusion through 
t he oxides is slow. 

Chromium alloys , stainless st eels , are usually prepared in bulk 
form . The same ef fect can , however ,  be produced by implant ing Cr into 

1 3  
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t he surface of  pure iron [Ashworth, et al  (14) and Sartwell , � al 
(15 ) ] . Sartwell ,  et al verified that the enhanced corrosion resis
tance o f  iron implant ed wit h  Cr or  Ni is not a result o f  radiation 
damage , but is , in fact, a result of the alloying addition . 

Cases are , however ,  known in which radiation damage does affect 
corro sion . The generation of vacanc ies and int erst i t ial atoms , and 
the inducement of stress are possible sources of alteration o f  corrosion 
behavior by ion implantat ion . Thus , self-ion bombardment of  copper 
[Rickards and Dearnaley (16 ) ] and nickel [Goode ( 1 7 ) ] result in marked 
enhancement of their oxidat ion rat es .  

An important study o f  ion implantat ion for improving oxidation 
resistanc e of ferrous alloys has been report ed by Antill , et al (18) . 
These workers based their study on t he established fact t hat a lloy 
addit ions of yttrium and rare earths improve the scaling resistance o f  
iron and nickel-based alloys [Tripathi and Antill ( 1 9 )  and Ant ill and 
Peakall (20) ] . Experiment s  were conduct ed on yttrium implanted into 
austenitic stainless steels and a ferrit ic stainless st eel . In both 
s teels , yttrium as  a bulk alloy addition has been found to improve 
bot h  oxidat ion res istance and oxide adherence . The rates o f  oxidation 
of  the implant ed aust enit ic st eel was comparab le to yttrium-alloyed 
st eels , con firming the view that improvement in corro sion resistance 
is the result of the implant ed alloying addition . 

The above conc lusion was further verified by implantat ion of  
niobium and krypton at the same energies . The se experimen t s  were 
carried out to study the effec t s  of radiat ion damage . In bo th  cases , 
lit t le effect of  the implantat ion was observed . The improvement in 
yt trium implanted mat erial must be as sociat ed with  yt trium it self 
and caused by a mechanism similar to that operat ive when ytt rium is 
p resent as  a bulk alloying addition . It is  believed that yt trium in
creases the adherence o f  the protec t ive oxide . 

On the other hand , yt trium implantat ion into a ferrit ic 15 Cr-4 A1 
iron alloy showed no pronounced influence on oxidat ion resistance 
[Ant ill , et al (18 ) ] .  The differing effects for the implantation o f  
yt trium in austenitic st eel with those  o n  the ferritic  alloy are prob
ably due to  different mechanisms of  oxidation . The aus t enitic steel 
forms a pro t ec t ive oxide f ilm based on chromium , and oxidat ion pro
ceeds by cation diffusion , which allows yttrium to remain in a po sit ion 
near or at  the oxide/metal int erface where (despit e spalling of the 
out er scale ) it can exert a beneficial influence .  Though t he 0 . 2 �m 
implanted depth is lo st , the benef icial ef fect nevertheless  per sist s .  
Oxides on the ferrit ic alloy may grow with  an appreciable contribution 
from anion diffusion which would result in the implanted spec ies being 
incorporat ed into t he oxide layer and lo st by oxide spalling . 

The implantat ion o f  tantalum into iron provides an example  o f  
the u s e  of  a n  alloy that does not exist as  an equilibrium phase to  re
tard corro sion [Ashwort h , � al  (21 ) ] . Tantalum is ordinarily in so luble 
in iron . It  has been found that the oxide that forms on the Ta
implant ed surfac e is equal in re sistance to aqueous corrosion to that 
which forms on chromium-containing iron , and is unusually persist ent , 
presumably due to a pre ferent ial removal o f  iron atoms during the 
corrosion proces s .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

I o n  I m p l a n t a t i o n  a s  a  N e w  S u r f a c e  T r e a t m e n t  T e c h n o l o g y
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 8 2 3

http://www.nap.edu/catalog.php?record_id=19823


15  

Implantation of titanium with a buried layer of palladium to pro-
duce a peak concentration of 5 atomic per cent 250 1 below the surface 

leads to superior resistance to  corro sion by sulfuric acid . The low 
Pd concentrat ion layer at the surface is  rapidly  et ched away . However , 
t he Ti atoms are removed more rapidly than Pd atoms , so that t he con
cent rat ion of Pd at t he surface eventually rises to 20 per cent and the 
rat e  of attack becomes very low , less  than 1 0-3 t imes the rat e on t he 
surface of unimplanted t itanium . 

Dearnaley ,  et al ( 2 2 )  implanted many different species into t i
tanium and z irconi� In t hese mat erials ,  bombardment with sel f ions 
had no effect on oxidat ion resistance and showed that radiat ion damage 
did not play a role . However ,  the corros·ion effects could be corre
lat ed with  the atomic propert ies of the implanted species in foreign 
atom implant s .  Those implant s which decorate certain preferred paths 
in the oxide give rise to  great er corrosion resistance so t ha t  oxida
t ion in t itanium was inferred to proceed by the migration of t itanium 
along such paths . These implant s were ident ified as  t hose which : 
have a large heat of  formation o f  an oxid e ,  such a s  barium or cesium; 
and , have a large ionic size , such as  rubidium or cesium .  S imilar 
experiment s with z irconium sub strates  showed correlat ion o f  the oxida
t ion behavior with ionic s ize only . Favorable species were found to 
have iijnic radii lying between 80  percent and 1 00 percent of that 
of  zr+ • This is interpreted a s  showing that replacement of zirconium 
by a somewhat smaller atom relieves stre ss in the z irconium oxid e ,  
thereby , reduc ing cracking and mechanical rupturing of  the oxide 
[Smel t z er , et al (2 3 ) ] . 

Sput t ering-effec t s  during implantat ion have not yet received much 
at tention . However ,  sputt ering can lead to a rougher surface , pro
viding act ive sit es  for dissolut ion react ions . In mul t icomponent 
systems , where sputt er ing rates wil l be d ifferent for the various com
ponent s ,  a preponderance o f  one component will be produced on the 
surface ,  which would be expect ed to affec t  corro sion react ions . 

B .  SUMMARY 

The chemical and atomistic bases of the effect s o f  ion implanted 
spec ies on corro sion have been more extensively invest igated than the 
mechanisms caus ing changes in mechanical propert ies .  The factors in
volved in changing corros ion res istance have been described in some 
detail to provide examples of the complexity of the phenomena t hat may 
be encountered . It  can be seen t hat the ingredien t s  of a successful 
pas sivat ion process are quit e varied . Unexpected effec t s  may occur and 
general izat ions are not always a useful guid e .  It has been suggested 
that various mechanisms in addition to those  that have been ment ioned 
here may play a ro le in enhancing corro sion resistance . It is clear 
that considerable  process development and extensive field t est ing 
wil l  be required to demonstrate  the applicability of ion implantation 
for enhancement of corro sion resistance in each part icular case . 

Copyright © National Academy of Sciences. All rights reserved.

Ion Implantation as a New Surface Treatment Technology
http://www.nap.edu/catalog.php?record_id=19823

http://www.nap.edu/catalog.php?record_id=19823


Copyright © National Academy of Sciences. All rights reserved.

Ion Implantation as a New Surface Treatment Technology
http://www.nap.edu/catalog.php?record_id=19823

http://www.nap.edu/catalog.php?record_id=19823


Chapter 4 

OPTICS 

Changing the composition of mat erials changes their opt ical pro
pert ies .  Thus , indices of refraction and optical absorpt ion const ants 
can be alt ered by ion implantat ion [Brown (24)  and Townsend ( 25 ) ] . Im
plantation can also be used to improve t he mechanical and corrosive 
properties o f  opt ical components . However , very little  has been done 
to invest igate  these possibilities beyond demonstrat ions that the ef
fect s exist . Thus , the committ ee's comments consist almost ent irely 
of  speculat ion concerning pot ent ial developments .  

The applicat ion o f  ion implantation t o  opt ics i s  here divided 
into two parts . The first , int egrated opt ics , refers to the format ion 
of opt ical element s such as waveguides and lenses in a thin planar 
layer by patterning the implantation . The second part  is a discussion 
of the po ssibility of using ion implantat ion to improve such individual 
component s as fil ters , windows , and mirrors . 

A .  INTEGRATED OPTICS 

Integrat ed opt ics may be loosely defined as the processing of  l ight 
s ignals  in insulat ing and semiconductor material s .  In conventional 
electronic devices , t he signals are carried by metal conductors . In 
int egrated opt ics , the signals  are guided within l ight pipes . A variety  
of opt ical components , such as  prisms , lenses , direct ional couplers , 
and reflector s can be fabricated in thin f ilms . In addit ion , electro
opt ical devices that can generat e ,  switch , and det ect light are known . 
Thus , it is  possible to think o f  opt ical informat ion processing sy stems 
embodied in thin film form on a chip containing many components . It 
is not possible to  say with  confidence that such int egrat ed opt ical 
chips will  ever play a useful role in electronic systems . One may , 
however ,  think o f  possible advantages that such a syst em might po ssess 
as compared to conventional semiconductor int egrat ed c ircuit s .  Optical 
components are l ikely to be less sensit ive to ionizing radiation than 
electrical component s .  Optical interconnections might turn out to  be 
more reliable  t han electrical interconnec t ions . 

Most  important , however , int egrated opt ics i s  a way to provide the 
elect ro-optical interfaces that convert electrical  to opt ical (and vice 
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versa ) signals  that are needed to ut il ize opt ical fibers . Transmission 
of informat ion in t he form of l ight passing through an optical f iber 
is  an exi sting technology which can carry signals the length of an 
aircraft or a ship , and as in commercial operat ion carrying signa l s  
between t elephone switching cent ers . There is  a demonst rable weight 
saving vis-a-vis copper wires , which is o f  importance in a ircraft  and 
missiles . Security is  enhanced by fiber t ransmission l ines and 
opt ical communicat ions in general . It i s  ext remely difficult to tap 
such communicat ion l ines . 

Opt ical and electro-optical devices can be made by more standard 
procedures such as thermal diffusion , ion exchange ,  sputt er ing , and 
epitaxy . However ,  following the experience with semiconductors , we 
can ant ic ipate  that the control and reproduc ibil ity provided by the 
ion implantat ion process wil l be advantageous , especially  a s  level s 
o f  integrat ion increase . 

Desp ite the fact that this f ield has received a lo t o f  attent ion 
during the last decade , it is roughly at the same state o f  development 
as  semiconductor technology in the early 1 960s . For a few discrete 
opt ical devices , t he standard techniques work well  enough . However , 
i f  the same level o f  complexity i s  to be achieved with int egrated 
opt ic s as now exist s in semiconductor int egrated c ircuitry , the 
t radit ional t echniques will not be adequate . It  is  l ikely that ion 
implantat ion will have to play an important role in t he next generat ion 
o f  int egrated opt ical component s .  

B .  FILTERS , MIRRORS, AND WINDOWS 

Large number s o f  opt ical filters , mirrors , and windows are used 
under all sort s  of severe environmental conditions for everything 
f rom gun s ight s to sat ellite  surve illance devices . In t he near future , 
laser detect ion , communicat ion ,  and weapons will  cont inue to require 
better and more spec ial ized forms of these component s .  The various 
effec t s  t hat increase hardness and corro sion resistance may be 
appl icable . Inhibit ing the tarnishing o f  metal mirror s is a re sul t 
o f  ion bombardment . There i s  a great need for protect ion o f  infrared 
(IR) and ultraviolet (UV) tran sparent windows from atmospheres and 
micro-meteorite det eriorat ion . Implant s can be very shallow and yet 
provide mechanical protect ion for the window. 

Ion implantat ion may also have a role  in the improvement of the 
opt ical propert ies of  filters , mirrors , and windows . More selec t ive 
filters  can be made due to greater control of chemical doping by 
implantat ion . Mult ilayer f ilters  could be produced in side of an 
element rat her than on the surface by a set o f  deposit ed f ilms , as is  
present ly done . This might lead to  more stabl e and mo re ero sion
resistant filt er stacks . 
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Chapter 5 

ION PLATING 

Ion plating is another surface treatment process that has 
recently at trac ted a great deal o f  attention [Spalvins ( 26 )  and (2 7 ) ] .  
Ion plating also po ssesses many advantages as  compared to convent ional 
coat ing techniques . Therefore , although the present study has 
concent rated on ion implantat ion , it  is  appropriate  to compare this 
process with ion plating . There are superficial s imilarit ies between 
these two processes , but there are also striking differences . Thus , 
each method is l ikely to find it s own regime o f  appl ication . 

Ion plat ing is  carried out in a gaseous electrical discharge 
in which the substrate  to be plated is the cathode . The discharge 
is  created by an appl ied pot ent ial of 500 to 5000 vo lt s .  The primary 
component o f  t he gaseous environment is usually an inert gas ,  mo st  
often argon . Atoms of  the mat erial to be plated are int roduced into 
the gas by evaporat ion from a heated source . A frac t ion o f  the atoms 
inj ected by evaporat ion are ionized before striking the substrate . 
The small port ion o f  t he energet ic ions and the large port ion of 
energetic neutral s of the evaporant are drawn to t he cathode by the 
electric f ield and scatt ering ef fect s .  Depo sit ion rat es can approach 
2 5 �m/min , but are commonly only about a t enth of t his amount . 

The essent ial difference between the two techniques is  that the 
energy o f  impinging ions i s  of  t he order o f  100 kilov9 l t s  in ion 
implantat ion , causing the ions to penet rat e some 1 0001 into the 
substrat e ,  and thereby forming an alloy o f  implant ed spec ies and ho st 
species . In ion plat ing , atoms arrive at t he surface wit h ener�ies 
of only a few hundred volt s and penet rate  no more than a few lat t ice 
const ant s into the substrat e .  Thus , ion implantat ion produces an 
alloyed surface layer whose compo sit ion varies cont inuously with depth 
because o f  the rat her broad distribution o f  the ranges o f  the 
implant ed ions , while ion plat ing produces a coat ing , the compo sition 
of which is independent of the nature of t he substrat e .  

A comparison o f  ion implantation and ion plat ing in t erms of 
specific features that are important in applicat ions is  as  follows : 

• Surface alloys fo rmed by ion implantat ion grade cont inuously 
into t he substrate ;  there is  no sharp interface , and problems of 
separation of surfac e layer and substrat e are not l ikely  to arise . 
Ion plat ed coat ings are , however ,  al so except ionally adherent as 
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compared to convent ional coating methods .  The excellent  adherence is 
a result  of sput t er cleaning of  t he substrate by the discharge , which 
removes any oxide or other layers that may impair adherence , and 
int erdiffusion o f  coating and substrate , which is enhanced by heat ing 
produced by the discharge and t he product ion of vacancies near the 
surface of the substrate by t he energy o f  the deposited ions . 

• The independence o f  t he composit ion o f  t he deposited layer 
and the substrate and the good adherence means tha t  unusual materials 
combinat ions can be formed . For example ,  metals can be plat ed on 
plast ics and ceramics can be plat ed on metals . No comparabl e  
combinat ions can b e  produced b y  ion implantation . The complete ·  
control o f  the composit ion o f  the deposited layer that can be  achieved 
in ion plating also permit s layered coat ings to be produced . For 
example ,  plat ing a t hin layer of aluminum on steel has been found to 
improve t he adherence o f  a subsequent  plat ing of A1 2o3 • 

• Ion implantat ion depends on l ine-of-sight access to the 
surface to  be treated . Ion plating has good "throwing power , "  which 
means that the atoms to be depo sit ed are scattered by t he discharge 
gas and can ent er and deposit  in reentrant  shapes and depo sit on 
various· facet s of  a substrate simultaneously . 

• Ion plat ing can also be carried out in a react ive gas to 
produce coat ings formed by t he reac t ion o f  an evaporat ed species wit h  
the gas .  For example , t itanium nitr ide has been deposited in this 
way . 

• Ion plat ing and ion implantation are generally applied to 
provide similar functional capab il i t ies , that is , to improve hardness 
and wear res istance , to prot ect  against corrosion , or to reduce 
frict ion . 

• Ion plating is more readily applied to large work-pieces  
and to  the simultaneous treatment of  an  assemblage o f  substrates t han 
is ion implantat ion , at least in cont emporary equipment . Plat ing 
equipment is l ikely to be less costly than implanta t ion equipment . 
Depo sit ion rat es are fast er in ion plating , and the thickness o f  a 
coat ing is  not l imited by penetrat ion o f  t he substrat e , as it is  in 
ion implantat ion , so that coat ings a mil or more in thickness may be 
appl ied by ion plat ing . 

• Like ion implantat ion , ion plat ing does  not invo lve high-
t emperature treatment of t he workpiece . Thus , if  the thickness  of  
the coat ing is  not too great , finishing o f  t he workpiece aft er ion 
plat ing can al so be avoided . 

• The coat ings depo sited by ion plat ing are well-known 
mat erial s ,  available in bulk form . Their propert ies , when deposited 
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by ion plating , present few surprises , in comparison to the wealth 
of  new phases and unexpected phenomena t hat are encount ered in ion 
implantat ion . Thus the development of  new ion plating applicat ions 
is likely to be more straightforward and fast er than the realizat ion 
of metallurgical applications of ion implantation . The factor that 
has attracted recent attention to ion plat ing is the very good 
adhesion between incompat ible substrates and coatings that can be 
obtained as compared to other coat ing t echniques . The sources of the 
excellent adhesion are not fully understood and present a chall enge 
to research .  The grain of crystalline coat ings affects t he properties 
of  the coat ings in significant ways , and the factors that affect it 
deserve study . 
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Chapter 6 

LASER ANNEALING 

Semiconductor applicat ions o f  ion implantat ion require that  · the 
implanted specimens be annealed at a high temperature to produce 
electrical act ivity of t he implant ed species . Indeed , highly 
reproducible anneal ing procedures are an essential element of semi
conductor implantation technology , and much attention has been devoted 
to  t he development o f  suitable methods o f  annealing . It  has recently 
been found that satisfactory annealing can be obtained by  irradiat ion 
of the implanted surface with  a pulse of l ight produced by a high-
power laser ( 28 ) . The irradiat ion heats ,  and may melt , a thin layer 
at t he surface of t he semiconductor , which then recrystall izes 
epitaxially on the substrate with no t race of the radiat ion damage 
produced by t he implantation . Similar effects can be pro duced by 
pulsed electron irradiat ion and by scanning the specimen with a 
cont inuous (not pulsed ) laser beam . These recently discovered ' � �- \ . l 
possibilit ies have not yet been applied in product ion processes . v 

Laser anneal ing n icely complements ion implantat ion in that  it 
affects only a surface layer approximately equal to the depth o f  
typical implantat ions , l eaving the bulk o f  the spec imens una lt ered . 
Even though anneal ing may not be required in many metallurgical 
appl icat ions , the availabil ity of  laser annealing provides an 
addit ional degree of flexibil ity in t he structure of  t he implanted 
layer and promises to ext end the scope of  appl icabil ity of  ion 
implantat ion. The technique is st ill in its infancy and much remains 
to be discovered . 

The appl icat ion of  pul sed annealing to  implanted metals  is  an 
obvious path to explore . Such explorat ion is only beginning . The 
point to be recognized is that laser annealing provides a way to 
change t he state  of a material after it has been implanted . For 
example , an amorphous mat erial can be convert ed to the crystalline 
state  or it may be po ssible to achieve prec ipitat ion hardening of a 
surface with  an implant ed spec ies . 

Laser or other pul sed anneal ing is also a method of  surface 
treatment in it s own right ; that is , without being preceded by an 
ion implantat ion step . The heat ed layer at the surface cools  rap idly , 
leaving a quenched surface which might have propert ies different 
than those of the bulk . 
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Chapter 7 

IMPLANTATION METALLURGY AS A DEVELOPMENT TOOL 

Ion beam t echniques can be used to  obtain fundamental parameters 
useful in the development of improved alloys . Although thi s  
applicat ion do es not properly fal l  into t he category o f  surface 
treatment , it  is discussed here because the laboratory fac il it ies 
and scient ific know-how needed to int erpret and evaluate  ion implant
a t ion as a surface t reatment are ident ical to  those needed to apply 
the t echnique to alloy development . 

The concept is to use ion implantat ion to  form a t hin layer of 
t he part icular alloy compo sition o f  int erest . Then , under subsequent 
thermal treatment , one observes t he evolut ion of t he concentrat ion vs . 
depth profiles in order to obtain key fundamental kinet ic and 
equilibrium paramet ers [Myers ( 2 9 ) ] .  Specific uses o f  t his  t echnique 
in conj unct ion with  alloy development programs would be to  determine 
diffusivities and solubil it ies , or the phase diagrams for mult iple
component syst ems , at relevant t emperatures . Such data  could t hen 
be used to a id in determining t he appropriate alloy addit ions , 
processing temperatures , and t imes for the development of a predict ive 
capability for diffusion-control led aging processes . A second area 
of appl icat ion is the invest igat ion of part icular degradat ion 
mechanisms and ways in which certain alloy additions can improve 
system compat ibility . 

The technique can best be illustrat ed with two examples . First , 
consider the implantat ion of Cu into Be to concentrat ions o f  - 2 0  
at . % [Myers and Smugeresky (30) ] . Subsequent heat t reatment at 4 00°C 
allows the implant ed Cu to  migrate . Since the local solid solub ility 
is  exceeded , the Cu rapidly precip itat es within the high concent rat ion
implanted layer and the diffus ion of t he copper into the underlying 
a-Be can be observed via the diffus ion tail by use of ion backscat t er
ing . An example of the concentrat ion vs . depth profile obtained in 
this way is  shown in Figure 1 .  The shape of  the d if fused tail follows 
the expect ed complementary error funct ion and can be used to  determine 
the diffusivity . The int ersect ion of the d iffused tail with the two
phase precipitated region provides a measure of  the sol id solubility . 
As shown in Figures 2 and 3 ,  t he solubil ity and d iffusivity can be 
det ermined quit e accurat ely in this way and at t emperat ures much lower 
than could be achieved by convent ional metallurgical t echniques 
[Myers and Smugeresky ( 30) and Myers , et al ( 3 1 ) ] . In applicat ions 
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FIGURE 1 Concentrat ion vs . depth pro f ile det ermined by ion 
backscat t er ing for Cu implanted in Be before and aft er 
heat t reatment at 4 00° C .  From Myers and Smugeresky ( 30) . 

Reproduced by permission of © American Soc iety for Metals  
and the  Metallurgical Soc iety of  AIME , 1 97 7 . 
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FIGURE 2 Solubility vs . reciprocal t emperature for Cu in Be as  
det ermined from implant ed microalloys (present work) and 
by convent ional metallurgical t echniques . From Myers  and 
Smugeresky ( 30) . 

Reproduced by permission of  @ American Society o f  Metals  
and the Metallurgical Soc iety of  AIME , 1 97 7 . 
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FIGURE 3 

TI C) 

Diffusivity vs . reciprocal t emperature for Cu in single 
crystal Be of  C and A orientat ion as determined by ion 
implantat ion and ion backscattering techn iques (open 
symbol s )  and by convent ional radiotracer and stripping 
techniques .  From Myers , Picraux , and Prevender ( 3 1 ) . 
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to  Cu solut ion strengthening o f  Be alloys , t his work provided quant
itat ive informat ion on t he amount o f  copper which should be introduced 
into solut ion in Be and the equ il ibrat ion t imes . The data have been 
used in sel ecting Be (Cu) alloys for mechanical t ests which have shown 
significant improvement in yield strengt h without loss o f  duct il it y .  
Specif ically ,  by adding 0 . 7 at . % Cu , yield strengths have been in
creased from 2 7 0  MPa to over 3 7 0  MPa . Addit ionally , this implantat ion 
approach has been extended to t ernary alloy systems such as Be/ Fe/Al 
and used to interpret and predict prec ipitat ion effects as a funct ion 
of residual impurit ies and heat t reatment [Myers and Smugeresky ( 32 ) ] .  

A second illustrat ion of t he technique is the study [Myers ,  et al 
( 33 ) ] of  how Ti alloy additions to bee Fe alloys can improve resista�e 
to t emper embrittlement by such unwant ed impurit ies as Sb . Trans
mission electron microscopy analysis o f  Ti-implanted Fe ( even at the 
highest commerc ially available purity level s )  showed t hat Ti carb ide 
precipitates formed upon subsequent heat treatment at  6 00°C .  Implanted 
Sb was found to be strongly t rapped in the depth region corresponding 
to the Ti carbide precipitates , whereas this t rapping did not occur 
in non-Ti implanted Fe . While it was known t hat Ti-conta ining steels 
exhibited reduced suscept ibil ity to  t emper embrit t l ement by such 
impurit ies as Sb , the mechanism was not known . These implantat ion 
metal lurgy studies suggest t hat TiC precipitates  in Fe are effective 
t raps for Sb and t hey were proposed as the cont ribut ing mechanism to 
t he reduced t emper embrit tlement in Ti-containing steels [Myers , et al 
( 33 ) ] . 

-- --

The advantages o f  t he use o f  implantat ion metal lurgy in conj unct ion 
with alloy development is t hat it allows one to obtain an alloy syst em  
by implantat ion rapidly and for essent ial ly any element s .  These 
microalloy syst ems can then be used to obtain ba sic parameters in 
comparat ively short t imes and with a great savings of money over full
scale alloy fabricat ion . Addit ional advantages result  from the short 
distances involved which allow equilibrium to be reached in short t imes; 
also t he int imat e mixture is obtained at the concentrat ion of interest 
so that unwant ed persistent phases are bypassed . These are contribut ing 
factors to the complexity of t rying to fabr icat e in bulk quantit ies a 
wide range o f  bulk alloys . Thus , the key factor is  that many alloys 
can be surveyed wit h a s ingl e  implantat ion syst em and t hose which appear 
most promising selected for stud ies in bulk systems . 

An addit ional advantage is  that kinet ic and equil ibrium dat a can 
be obtained at much lower t emperatures than is  usually po ssible by such 
convent ional t echn iques as , for example , radio-t racer detect ion and 
stripping for diffusion pro f iles . Lower t emperature data is  often quite 
important , since many processing and aging s teps take place at such 
temperatures at which direct det erminat ion of fundamental parameter s  
such as solubility and diffusivit y has not previously been po ssibl e . 

The pr imary l imitat ion o f  t his approach is t hat close collaborat ion 
between bas ic and appl ied people is  required . Al so a large enough 
development program is needed to allow the implantat ion meta llurgy and 
convent ional metallurgical t echniques to progress  hand in hand in an 
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interact ive way . This technique does not direct ly compete wit h  any 
exist ing process and is a truly compl ementary tool to  enhance t he 
effect iveness of  alloy development programs . 
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Chapter 8 

RANGE AND DISTRIBUTION CALCULATIONS 

The interpretation of the effec t s  of ion implantation on the 
surface properties of metal s  d epends on a knowledge of the location 
of the implanted ions in the substrate . The d is tribution of the 
implanted spec ies is described by their range , R ,  or average dis tance 
of  penetration into the subs trate , and the scat ter , or s tandard 
deviation of the penetration dis tance around the average ,  �R . Bo th 
of these quantities depend on the energy of the impinging ions and 
on the implanted and substrate a tomic species . A wide variety of  
implanted a toms and subs trate alloys are  of  interest  in  applications . 
This sec tion d iscusses the s tate o f  the knowledge that is needed 
to pred ic t  the location of implanted ions . 

The relation between the ranges of par ticles in ma tter and their 
energy in the energy region from 0 to 1 0MeV was of great interes t  to 
nuclear physic ists  in the f irst  half  of this c entury . The available  
data and theoretical treatments were summari zed by  Bethe and Ashkin 
[Bethe and Ashkin ( 34 ) ] in 1 95 1 . A widely used method of  determining 
the energy loss  rate and the ion range for ions in the energy region 
commonly used in implantation was published by Lindhard et al 
[Lindhard , et  al ( 35 ) ] in 1 963 . Atomic collision theorists-made 
no table s trides wi th the theory in the s ix ties which were summarized 
by P .  Sigmund (36 )  in 1 9 7 3 . Ion implantation in the semiconduc tor 
industry began to take on an impor tant role in the early seventies and 
s t imulated much work on depth prof il ing of maj or dopants in Si and Ge 
at energies below 200keV . The need of the implanta tion communi ty led 
to a number of new works on range proj ec tions [Gibbons , et  al ( 3 7 ) , 
Brice (38 ) , Winterbon (39 ) ] . Also , two maj or compilations and extrapo
lations of  energy loss data for the elements were published in the 
seventies [Northcliffe  and Schill ing (40)  and Ziegler (4 1 ) ] . 

The work of Ziegler and Chu ( 42 )  in 1 974  called attention to the 
fac t that the elec tronic s topping power of l ight a toms such as 
energetic He in targets of varying atomic number ( Z) undergoes 
oscillations as a func tion of  the target Z .  

More  and Venskytis (43 )  pointed ou t that the Nor thcliffe
Schill ing da ta are based on int erpolat ion from the series ( C ,  Al , Ni , 
Ag , Au) for which experiments  had been performed , and that interpola
tion from this series is misleading because elements of the series 
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happen to  fall near the minima in  the oscillations of  the energy 
loss func tion . Theory is  tolerably reliable at  very low energies 
and at  high energies (E  > lOMeV for l ight ions ) . Experimental values 
of the energy loss func tion are essential to bridge the gap . 

There is need for additional research in bo th the experimental 
and theoretical aspec ts of the ranges of ions in solids . Such infor
mation will  be of value , no t only to the application of ion implantation 
to metallurg ical surface treatments , but also to its application in the 
semiconduc tor industry and in the simulation of nuclear reac tor 
radiation damage . 
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Chapt er 9 

EQUIPMENT 

Two topics related to ion implantation equipment are considered . 
First , present implanters are designed for semi-conductor applicat ions , 
and modificat ions , part icularly an increase in t he current delivered , 
will  be required for metallurgical product ion tools .  S econd , in the 
development of ion implantat ion processes a variety of analytical too l s  
wil l  be needed . 

A .  ION IMPLANTATION EQUIPMENT FOR METALLURGICAL PRODUCTION 

Present-day semiconductor ion implant ers have the following 
component s : 

1 .  an ion source ,  which only under rare c ircumstances emit s 
one specie o f  ion ; 

2 .  a magnet ic mas s  analyzing system to  "purify" the beam ; 

3 .  an accelerat ing s tage o r  stages which can bring the part icle 
up to energies of  hundreds o f  kilovolt s ;  

4 .  a beam scanner or wobbler t o  obtain beam uniformit y ;  

5 .  a target chamber which can be inst rument ed to handle large 
numbers of planar structures , rotat e samples in and out of 
the beam , and make use of  complicat ed masks ; and ,  

6 . electronic s  which provides readout of  mas s  analysis , beam 
current , beam profil e , and vacuum condit ions in the ma chine 
and at or near t he implant ation sit e .  

At the present t ime ,  t here are between 500 and 600 implant ers  
used throughout the world . The vast  maj ority are used in the prep
aration of semiconductors . Cost  for a stat e-o f-the-art pro duct ion 
or  research machine wit h  accelerat ing capability of up to 4 00 kV is 
about $300 , 000 . With current t echno logy and a fully operational  
facility , the  cost  o f  an  implant for a typical dose used for  improving 
wear or corrosion resistance is est imat ed to  be roughly 30 cents  per 
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l cm2 • As produc t ion machines will  be developed fo r wear and corro sion 
applicat ions , it  is expect ed t hat the cost  per cm2 can be decreased 

}o 5 cent s per cm2 [Dearnaley ( 5) ] . .  
The requ irements  for equipment tor implantation in metal s  differ 

significantly from the requirements  of semiconductor applications . 
For the lat t er applicat ions , ion do se uniformity , reproducibility , 
and pr ecision are typically hel d  within a f ew per cen t . For 
applicat ions to metal s  (e . g . , improving wear and co rrosion resistance) , 
it appears l ikely from presently ava ilable information that these 
requirements  can be significantly relaxed . Furthermore , semiconductors 
are extremely sensitive to small amounts o f  undesired impurity .  This 
is not true of the mechanical propert ies of metal s .  Thus the require
ment s for high vacuum and beam purity could be relaxed s ignificantly . 
These factors will have to be examined in detail for part icular 
applicat ions , but should allow more  flexibility and lower cost s in 
designing product ion ion implantation machines for metallurgical 
applicat ions . 

It  should be stres sed that a period  of  research will be required 
to ascertain necessary machine requirement s for specific applications . 
However ,  there should be no fundamental problems in scaling-up present 
machines .  

In addit ion to implanter scale-up , part handl ing apparatus 
will have to be developed for specific applicat ions to allow effic ient 
produc t ion . The surface to be t reat ed must be l ine-o f-sight and 
expo sed for the appropriate  length o f  t ime in a vacuum environment . 

There present ly exist prototype implantat ion machines for treat
ing workpieces for improved l ifet imes [Dearnal ey ( 5 ) ] . These are 
capable of  providing higher beam currents  than present resea rch machines 
and can handle  samples up to a foot in diameter . In the United States , 
plans to scale-up implant ers for high-volume solar cell product ion 
should be examined , since with appropriat e ion sources , they may be 
well suit ed for nonelectronic part product ion [Muller , et al ( 44) ] . 

B .  TOOLING FOR A DEVELOPMENT LABORATORY 

The bas ic tool s  required are an ion implantat ion facil ity , an 
ion beam analysis facil ity ,  and convent ional micro st ructural analysis 
facilit ies . A high-current ion implanter (current on target great er 
than 100 �A) is required with sources to produce any metal ions o f  
int erest in the development program and give ion energies ranging from 
t en to over l OOkeV . The implanted ion beam should be mass  analyz ed 
to preserve purity , and provision must be made for sweeping either the 
beam o r  the sample to fo rm alloys which are laterally uniform over an 
area of  the order o f  1 cm 2• The implantat ion cha�her should  provide 
t emperature control at reasonable  vacuum l evel s (� l o-6 Torr) . 

The ion beam analysis system can be based on a 2 MeV Van de 
Graaff  accelerator . Hel ium ion or pro ton beams can be used for 
det ermining the dependence o f  the concent ration o f  impurit ies on 
depth by means o f  ion backscat t er ing for heavier elements  and by ion
induced nuclear react ions for l ight element s ( e . g . , for oxygen , carbon , 
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and deut erium) . Charged part icle detectors  with the associated 
electronics , including a mult i-channel analyzer , would be required 
for energy analysis of the backscattered or nucl ear  reaction product s  
to determine the concentration versus depth [Ion Beam Handbook for 
Material s Analysis �5 ) ] . 

Secondary ion mass  spect roscopy (SIMS ) and sputt er Auger systems 
are possible  alternat ive or  additional analysis tools .  These lat t er 
syst ems have the advantage o f  being sol d  commercially as complete 
systems . However , they have t he disadvantage of  requiring calibrations 
which may be matrix-dependent , and they require destructive layer 
removal techniques . Micro structural analysis can be obtained using 
convent ional t ransmission electron microscopy and scanning electron 
microscopy systems . 
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Chapter 1 0  

CONCLUSIONS AND RECOMMENDATIONS 

Ion implantat ion is a novel t echnique for treat ing the surface 
o f  metal s .  It  has shown a potent ial for produc ing significant 
improvement in rates of  wear and corrosion . Improvement s  in the 
surfaces  of opt ical elements  and novel opt ical component s may also 
be possible through ion implantat ion . 

The beneficial ef fect o f  ion implantat ion on surfac e  propert ies 
must be compared to  the effec t s  achieved by convent ional processes 
which introduce alloying element s by a variety o f  means , apply coat ings , 
or mechanically deform the surface .  Because of  the expense and the 
novelty of  the ion implantation process ,  i t s  use , at least in the near 
future , wil l  be confined to applicat ions in which convent ional processes 
have not been able to  meet all o f  the requirement s .  

It i s  recommended that the Department of  Defense identify applica
tions in which the available sur face treatment s do not meet DoD needs 
in the areas of corro sion resistance , wear , hardness , and fat igue . 
These applicat ions  should be  examined to  det ermine the pot ent ial for 
employment of ion implantat ion . Such an effort should be implement ed 
by the const itut ion of  a task force of several persons , preferably at 
an influent ial  level in DoD .  Limitat ions of ion implantat ion , includ ing 
the rest ric t ions to l ine-of-sight surface t reatment and shallow alloying 
depths , must be taken into account . The limitat ions have not prevent ed 
successful laboratory scale demonstrat ions , and scale-up to product ion 
appears to be straight forward . Thus , an ef fort to evaluat e the use o f  
ion implantat ion to improve performance should b e  inaugurated for par
t icular problems . The evaluat ion must include a study of economic 
feasibil ity .  

The great d iversity  o f  implant ed spec ies and the variety o f  the 
possible applicat ions o f fer so many opportunities for ostensibly useful 
research that it will  be poss ible to  pursue only a small fract ion of  
them . The following criter ia should be  applied to select the  most 
worthy areas . 

• Sc ient ific foundat ion . Does the exist ing base of 
metallurgical knowledge suggest that ion implantat ion 
might provide a solut ion to a t echnological problem? It 
would be comfort ing if bas ic knowledge could be used to 
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predict areas in whi ch ion implantat ions might be usefully 
employed . Unfortunately , many ill-understood phenomena 
are encount ered , and other factors must  be considered . 

• Comparison with alt ernat ive methods of surface t reatment 
to det ermine whether ion implantation might offer any 
unique advantages . This is  not always possible ,  as un
ant icipat ed phenomena are frequently discovered in im
planted layers . 

• Economic Feasibility . Would the addit ional value o f  the 
part outweigh the co st  of implantat ion if  a successful 
development occurred? 

• Pot ent ial for scale-up to a manufacturing l evel . Could 
a laboratory demonstration o f  a process be t ranslated into 
a manufacturing process?  This would be simpler for small 
part s .  

• Degree of  int eract ion wit h  engineers involved in f ield 
use of the product involved . Close interact ion is needed 
to  insure that research result s  are a val id solut ion to 
a problem .  

• Pot ent ial for val idating a solut ion through f ield t e st ing .  
Are there opportunities for testing in t he environment o f  
int ended use ? 

• Pot ential for understanding the atomistic  and metallurgical 
basis of  a solut ion to a problem .  Are the ava ilable 
analyt ical tools  and the scient i f ic t raining o f  the 
invest igators adequate to  insure progress  toward under
standing of t he result s obtained ? 

• I s  the l evel of  staff ing adequate  to support operat ion of  
t he implantation facility and the analyt ical equipment 
and to interpret result s  and guide research toward s useful 
goals ?  

The obvious crit eria o f  availabil it y  of  an ion implantat ion 
facility and compet ency of t he personnel invo lved have been taken for 
grant ed . A successful effort to evaluate t he applicabil ity  of ion 
implantat ion wil l  require a s ignif icant commitment for staffing and 
tool ing . The equipment required would inc lude not only an ion 
accelerator but al so t he analyt ical equipment that enables an analysis 
of  the event s that occur on an atomist ic scale to be performed . 
Proper evaluat ion of  data , int erpretat ion o f  analytica l  resul t s , and 
program guidance wil l  call for the involvement of  professional s ,  
highly skilled in the metallurgical , physical , and chemical sc ienc es .  
Five persons , plus generous allocat ions o f  capital resources , would 
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be  needed to lauch an eff ec t ive program . 
It  is  further concluded that research aimed at unravel ing the 

complex of  micro scopic phenomena tha t  underlie the beneficial eff ect s  
produced by ion implantat ion of metals is needed . The f ield lacks the 
general principles that would enable effect s discovered in one system 
to be optimized and ext ended to other systems . When t echnologically 
important effec t s  of  ion imp lantat ion are discovered , they should be 
followed up by scient ific invest igat ion of  t he atomic mechanisms 
involved . 

· 

Especially in the field o f  wear resistance , where exceedingly 
complex phenomena are encount ered , a careful study aimed at under
standing a few model systems would be of substant ial benefit in 
defining the s tructures sought in a successful appl icat ion . This  
would require t he col laborat ion o f  expert s in  the areas o f  ion 
implantat ion , t ransmission elect ron microscopy , and mechanical 
metallurgy . 

The appl icat ion of  ion implantat ion to the improvement of metal 
cut t ing tool l if e  deserves special at t ent ion . A variety of new alloy
ing addit ions should be t ried . 

In t he field o f  corrosion , t here are also many opportunit ies for 
the study of alloying addit ions t hat cannot be added by convent ional 
metallurg ical t echniques . Thus , further work should be done on 
previously unexplored alloying addit ions , and analysis  of the 
mechanisms invo lved . Furt her , the physic s of the damage and sput t ering 
processes should be investigated to det ermine how t hese factors  
influence "alloy-ability" and corro s ion behavior .  For example , i t  is 
po ssible to obtain amorphous surfaces by implantat ion [Singhal , et  al  
(46 ) ] . This aspec t  o f  metastabl e phase formation could very welr-lead 
to new corrosion-resistant glassy phases ; e . g . , stainless  st eel 
protected by a passive glass coat . Again , investigat ion of the sources 
of  the unusual corrosion resistance that is found in certain cases . 
is required . 

A ro le  for academic science is  found in the unraveling of  the 
physica l and chemical mechanisms at wo rk in t he product ion of improved 
surfac e propert ies by ion implantat ion ; department s of metallurgy in 
inst itut ions o f  higher l earning are ideally suit ed to undertake t he 
basic studies that are needed . Indeed , it is probably safe  to say that 
an adequate  level of basic studies wil l  not be achieved without the 
involvement of  academic department s of  metallurgy . The principal  
barrier to  the involvement o f  university department s in ion-implantat ion 
metal lurgy is l ikely  to be lack of access  to the ion accelerators that 
are required for bot h  implantat ion and back scat t ering analysis . 

It  is , t herefore , recommended t hat effort s to  insure access to 
ion accelerator facilities by department s of  metal lurgy be inaugurated . 
Such effort s could take the form e ither o f  provis ion o f  addit ional 
accelerators or o f  funding arrangement s to increase the availabil ity 
of  existing ac celerators . 

Implantat ion apparatus int ended for metal lurgical applicat ions 
will be signif icant ly d i fferent from that commonly used in semi
conductor t echnology . Lower requirement s on beam purity will  permit 
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relaxat ion of  t he need for high vacuum and eliminat ion o f  the magnet ic 
separato r .  Lesser demands on uniformity and reproduc ibility o f  the 
dose will also be translatable into reduced equipment cost . On the 
other hand , higher beam current s to supply larger do sages , ability to 
handle larger substrat es , and ability to mechanically manipulat e  
substrates would b e  desirable in metallurgical productions tools . On 
t he whole , it appears that the cos t  per unit area of  metallurgical 
implantations will be substantially l ess  than that o f  semiconductor 
implantat ions . Initial steps toward high-current , low-co st  
implantat ion are being taken in the development of  silicon solar cel l s .  

There are opportunit ies t o  conserve materials  in short supply by 
replacing bulk alloys and electroplated coat ings  with ion implant ed 
layers . Quant itat ive estimates of t he pot ent ial impact  o f  ion 
implantat ion on requirement s for critical mat erials  are needed . 

Various methods  of  predict ing the way in which the depth 
distribut ion o f  implant ed ions depends on ion energy and on the 
composition of the substrate give varying result s .  A reliabl e  method 
of calculat ing these quantities is needed for the analysis  and 
int erpretat ion of experimental result s .  
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