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PROPERTIES AND APPLICATIONS OF ION-IMPLANTED ALLOYS' 

S. M. Myers + Sandia Laboratories 
Albuquerque, NM A7185 

ABSTRACT 

Ion implantation is a controlled and versatile Beans for 
near-surface alloying of metals. Supersaturated solutions. 
Detestable compounds, amorphous phases, and equilibrium, alloys 
have been produced. Uses include the investigation of 
new metastable phases, characterization of alloying reactions 
occurring in conventional materials, and improvement of sur
face properties such as hardness, wear, and corrosion. A 

brief review is given of the physical processes occurring 
during ion implantation, the types of alloys which result, and 
representative applications. 
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INTROD'JCTION 
Alloying of metals by i_-.piar.tat irr. cf high-er.ergy 

ior.s (> 10 keVJ has several features which c:stir.:;:sr. 
it from more conventional methods. i»rst, it produces 
an ir.itinate ator.ic mixture within the near-surface regie.-. 
whose cocposition is not limited by thermodynamics, f.ore-
over, concentration-versus-depth profiles nay be taiicrei 
by varying ion dose and energy, subject to ar. upper bound 
of typically 5 - 3 0 at.* or. the concentration which is a 

consequence of sputtering. A second important feature is 
the generation of ator.ic displacements by the incident icr. 
bear.. This usually results in extensive lattice da-age, ar.d 
it nay also induce significant atomic transport. Third, 
since ion implantation is an athermal process, thermally 
activated phenomena nay be independently regulated via the 
host temperature. 

The above characteristics allow a high degree of control 
end versatility in the formation of near-surface (£l urn; 
alloys. Highly supersaturated solid solutions, netastable 
intennetallic compounds, amorphous phases, ' and ecuiiibrium-

9 10 phase alloys ' have been produced. In addition, the low-
teriperature evolution of reacting systems has been greatly 
accelerated. ' These capabilities have been used both in 
basic studies of alloying processes and to achieve desired 
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aacroscopic properties. As compared to the highly developed 
applications of ion inplantation to semiconductor doping and 
to radiation damage studies, implantation metallurgy is 
relatively new, having expanded greatly in the past five 
years. 

The present paper briefly summarizes the properties 
and uses of ion-implanted metals. Section II outlines the 
physical processes which are believed to underlie the, 
observed behavior. In Section III, the various types 
of alloy states are discussed. Then, in Section IV, 
applications are illustrated by several examples. 

II. PHYSICAL PROCESSES 
A. Ion Damage 

High energy ions dissipate a portion of their kinetic 
energy in atomic displacements, thereby producing vacancy-
interstitial pairs. The defect generation rates are usually 
high; typically, except for the lightest ions, about one 
displacement occurs per lattice spacing along the ion track. 
The character of the damage is illustrated in Fig. 1, which 
shows the observed vacancy distribution in W resulting from 
implantation of three different individual ions. These 
data were obtained by field ion microscopy at a temperature 
of 10 K, below the onset of thermally activated lattice 
recovery. 



When the temperature is sufficiently high, irradiaticr. 
defects undergo thermally activated migration, ar.d ia-ticc-
recovery occurs. The principal features of the recovery 
process are illustrated by considering a pure fee r.etal 
Subjected to low-level irradiation near absolute zero and 
then isochronally annealed at a series of increasing 
temperatures. This particular case has beer, extensively 

14 15 Studied, ' and it .is broadly representative of metallic 
systems. Self-interstitials become mobile first, causing 
a portion of these point defects to recombine with vac
ancies ard the remainder to form clusters. As the temperature 
is increased further, the interstitial clusters coarsen into 
dislocations observable by electron microscopy. Next, 
vacancies become mobile, with some annihilating at the 
interstitial agglomerations and others forming clusters. 
Additional increases in temperature then cause the vacancy 
clusters to coarsen into observable dislocations. Finally, 
all of the dislocations anneal out through self-diffusion 
processes, and the lattice recovery reaches completion. 

In most intermetallic systems the following rules of 
thumb are applicable: interstitials become mobile below 
room temperature, vacancies may begin to diffuse either 
above or below room temperature depending on composition, 
and the dissolution of extended defects occurs at an 
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elevated temperature. Consequently, implantation into 
metals at room teraperature usually results in a dense 
array of dislocations. An exanple is given in Fig. 2, 
which shows a transmission electron micrograph of Al 
following roon-temperature implantation of Hi. 

The relatively high implanted fluences often used in 
metals work, typically > 10 ions/cm , may produce many 
atomic displacements per host atom. Under these conditions 
the damage cascades overlap, and a saturation level of 
defects is produced. Depending upon composition and 
temperature, the recovery processes (either spontaneous or 
thermally activated) may maintain crystallinity; alter
natively, the alloy may become amorphous. The latter 
condition is always metastable, and recrystallization 
takes place above some characteristic temperature. Among 
metallic systems which have been implanted at room 

1—6 temperature, a majority have remain crystalline. 
5 B Those which are driven amorphous ' often have a metalloid 

element as a constituent, following a trend observed in 
17 alloys quenched from the melt. There are a number of 

exceptions, however, such as amorphous Cu-w and Ni-Dy. 
Ion irradiation may substantially alter atomic trans

port, particularly at temperatures below the onset of 
appreciable perfect-lattice self-diffusion. Three 
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mechanisms are observed most frequently."1'0 First, atomic 
collisions within the ion damage cascade produce athermal 
atonic motion. Second, at temperatures sufficiently high 
for thermally activated diffusion of irradiation-produced 
vacancies and interstitials, the defect migration enhances 
atomic diffusion. This effect is mostly observed for 
substitutional solutes. It may be much larger than the 
above athermal collisional m";-:ing, since a point defect 
often migrates many lattice spacings before annihilation. 
The third mechanism affecting transport is solute trapping 
by defects, which inhibits diffusion. This process is 
important principally for interstitial solutes, which 
usually become mobile at a temperature below that of 
complete lattice recovery. 
B. Configuration of the Implanted Atoms 

Implanted atoms are initially dispersed on an atomic 
scale. Discrete precipitates or clusters are generally 
not observed, even if the alloy is thermodynamically 
supersaturated, unless the temperature is high enough for 
thermally assisted solute migration to occur. This 
solutionized condition often persists at room temperature, 
and here the lattice location of the implanted atoms has 
been determined by ion channeling in a number of systems. 
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The measured site is frequently well defined and unique, 
particularly when the implanted concentration is no more 
than several at.%, and inay be either substitutional or 
interstitial. 

The physical processes which lead to these lattice 
location results are not well understood. One contributing 
mechanism is probably the replacement collision, in which 
an incident ion loses the last increment of its energy 
by exchanging with a host atom, thereby assuming a sub-
stutional site.19 It is also possible that lattice 
agitation produced by the damage cascade, i.e. the "thermal 
spike", assists the implanted atom in moving to a local 
minimum in positional energy. In room-temperature experi
ments, thermally activated processes probably play a role. 
For instance, if the implanted atom is initially inter
stitial, it may be sufficiently mobile to diffuse into a 
nearby vacancy produced by the irradiation. Detailed 
consideration of the lattice location results suggests 
that no one process is always dominant. 

When an implanted alloy is held at a temperature where 
all of the constituents are mobile, the system approaches 

q thermodynamic equilibrium. Precipitation occurs in 
conformance with the phase diagram, and, as discussed in 
Section II. A, the lattice damage anneals out. An important 
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feature of the equilibration process is that it usually goes 
nearly to completion within the implanted layer before there 
is significant solute diffusion into the underlying bulk of 
the host. This occurs simply because the diffusion lengths 
for local thermal evolution are small compared to those for 
dissolution into tho bulk. 

In certain cases, specific solutes may become mobile at 
temperatures well below the onset of general diffusion. 
This occurs particularly for small interstitial species such 
as H or C. Under these conditions precipitation can occur, 
but the system does not necessarily achieve the equilibrium 

g 
state described above. The phases which form may be 
metastable, and the level of lattice damage may remain high. 

III. IMPLANTED ALLOY STATES 
A. Supersaturated Crystalline Solutions 

At temperatures where thermally activated transport is 
negligible, the initially dispersed distribution of implanted 
atoms may persist for concentrations orders of magnitude 
above the equilibrium solubility. A number of highly 
supersaturated crystalline solutions have been produced 
at room temperature in various metallic hosts, including 
Be, Al, Fe, Ni, and Cu. ~ As indicated earlier,-the 
implanted solutes frequently occupy a single sub
stitutional or interstitial site, even at concentrations 
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of several at.%. For example, implanted Ag in Cu was 
21 found to be nearly 100% substitutional at 17 at.% , 

although its room-temperature solubility is < 0.1 at.%. 
The lattice position occupied by the implanted atoms 

cannot generally be predicted at present, although system
atic trends are observed as a function of host and implanted 
species. The greatest success in theoretical treatments 

4 has been achieved for the host Be. The behavior of heavy 
ions implanted into this light metal is believed to be con
siderably simplified by the complete absence of one process, 

19 
the replacements collision, which is precluded by the dis
parity in atomic masses. The theoretical calculations were 

22 
based on the Miedema approach. Minimum-energy configurations 
were determined as a function of the two known parameters $* 

and n„ s, which are related respectively to elemental work 
functions and to the elemental electron density at the boundary 
of the Kigner-Seitz cell. The results are compared v.'ith 
experiment in Fig. 3, where the solid lines delineate the 
predicted regions of substitutional, tetrahedral interstitial, 
and octahedral interstitial occupation. The agreement is 
seen to be excellent. It suggests that, in the absence of 
replacement collisions, the lowest-energy local site is 
preferentially occupied. 
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B. Metastable Crystalline Structures 
Under certain conditions ion implantation leads to a 

metastable crystalline structure. Such phases range from 
randomized solutions with a wide composition range to 
stoichiometric compounds. Depending upon the nature of 
the system, their occurrence is variously attributed to 
the high levels of lattice damage, to mobility of only 
certain constituents of the material such as light inter-
stitials, and to athermal production of a composition closely 
corresponding to a metastable compound. 

The wide variety of implanted alloys in this category 
is illustrated by several examples. In one instance, P 
implantation of fee Ni apparently produced small hep 

8 inclusions. Solid-state slip mechanisms induced by 
implantation damage were cited as the cause, presumably 
with the P stabilizing the hep configuration. Another 
experiment entailed implanting C into Fe at room temperature, 

23 
followed by annealing at 603 K. Martensite, a metastable, 
distorted bec Fe lattice with interstitial C, was reported 
at room temperature. Annealing then produced precipitates 
of the metastable nompound Fe,C. These results correspond 
qualitatively to the behavior of bulk C steels quenched 
and then tempered. In a final example, deposited Pt films 
on Si substrates were irradiated with Xe ions at room 
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temperature to produce a Si-rich Pt-Si mixture. Annealing 
at 673-773 K then yielded the metastable compounds Pt^Si, 
and Pt.Si„ in separate layers. 
C, Amorphous Phases 

The high atomic displacement rates and composition 
changes produced by ion implantation drive certain alloys 
amorphous. It has been argued that this method for 
amorphization is exceptionally effective as compared to 
techniques such as splat cooling. For example, in 
analogy with quenching from the melt, an effective 
cooling rate has been defined as the melting temperature 
divided by the lifetime of an ion collision cascade; the 

3 —12 
resulting rate is extremely high, typically >v 10 K/10 s = 
10 K/s. Another useful feature of implantation is that 
both composition and the level of disorder may be varied 
continuously, thereby permitting the emorphization process 
to be studied in some detail. 

Alloy layers which appear amorphous in transmission 
electron diffraction have been reported from a number of 5 8 implantation experiments. ' In most cases these studies 
were carried out at room temperature. The injected species 
and hosts included the following: B or T into Fe, Co, or 
Hi; P into 316 stainless steel; Dy into Fe or Hi; Bi into 
Ni; Ta or W into Cu; and Au into Pt. (The amorphization of 
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semiconductors and insulators is beyond the scope of this 
paper.) At present it is not possible to predict precisely 
which implanted alloys will undergo a crystalline-to-
amorphous transition. However, two features of the above 
results may be noted: first, in initially pure metals, the 
amorphous condition occurred only at implanted concentrations 
> 10 at.%; and second, this state was consistently achieved 
when the implanted species was a metalloid. 

D* Equilibrium Alloys 
When metals are implanted and then heated so that 

the diffusion lengths \fjyt for all constituents are largt 
compared to the lattice spacing, a state close to 
thermodynamic equilibrium is usually achieved within 
the implanted region. Irradiation damage anneals out, and 
additional phases expected from the phase diagram are 
observed to precipitate. As an example. Fig. 4 shows a 
transmission-electron dark-field micrograph of e-FeSb 

24 precipitates in Sb-implanted Fe after heating to 873 K. 
Similar conformance to the phase diagram following annealing 
has been found for various implantations into the hosts Be, 

25 
Al, Fe, and Cu. 

Annealing also causes the implanted species to diffuse 
into the underlying bulk of the host. Typical behavior is 
illustrated in Fig, 5, where measured depth profiles of 

file:///fjyt
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istplanted Cu in Be are given before and after annealing at 
673 K. Migration into the bulk is evidenced here by the 
emergence of a lower-amplitude tail from the peak. The 
region of the peak contains Be,Cu precipitates, while the 

tail reflects Cu in solution within single-phase Be, and the 
two profile segments intersect at a concentration equal to the 
Cu solubility at the annealing temperature. It should be 
noted that, in principle, such continuing solute transport does 
not allow full thermodynamic equilibrium within the implanted 
layer. The departure is usually negligible, however, because 
diffusion-limited communication between closely spaced 
precipitates is rapid compared to long-range migration into 
the substrate. Thus, the rates of these two processes 
typically differ, by a factor of •>< 10 . 

In the above equilibrium regime ion implantation pro
vides a high degree of control over precipitation. Size, 
volume fraction, and depth distribution may be independently 
varied over wide ranges. Very high particle densities and 
volume fractions have been achieved, sometimes greatly 
exceeding the capabilities of conventional alloying. For 

example, Tic precipitates have been introduced in Fe to a 
20 3 

density of i> 10 particles/cm and a volume fraction of 
•v. 3 0 % . 2 7 



IV. APPLICATIONS 
Implantation work with petals has included the pro

duction i-.' nev.- metastable alleys, elucidation, of reactions 
occurring ,a conventional materials, and development of 
the technique as a production tool. In the area of r.eta-
stable alloys, a notable example is the discovery of 
several new anorphous systems. These include Cu-fc, Cu-Ta, 
Fe-Dy, Ki-Dy, and Pt-Au.5'8 

The ccr-.trol and versatility of ion implantation, make 
it a powerful tool with which to investigate alloying 
processes in technologically ir.portant conventional materials. 
Moreover, the microscopic scale and the possibility of using 
radiation-enhanced diffusion facilitate measurements at lower 
temperatures. Studies in the equilibrium regime (Section III. 
D) have yielded information, on diffusion ra~.es, phase diagrams 

25 
and new impurity trapping mechanisms. For example, experi
ments in ion-implanted Fe hive shown that Tic precipitates are 2B effective traps for Sb impurities. The depth profiles ir. 
Fig, 6 exhibit one key observation of this work. Kere the 
Tic precipitates and the Sb were initially located at 
different depths within the Fe host. Annealing then, caused 
the Sb to redistribute in conformance with the TiC pre
cipitate distribution. Discovery of this traoting 

http://ra~.es
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mechanism may provide a neans for iiroobili2ir.a Sb 
and other metalloid impurities within ferritic steels, 
thereby reducing the enbrittleraent which results fro-
their grain-boundary segregation. 

Ion implantation now seens a realistic tool for 
altering the surface properties of snail components such 
as bearings and cutting edges. Hardness, wear resistance, 
and vesistance to corrosion have been improved by an order 
of magnitude in certain cases. ' As an exar-.ple. Fie. 
shows the wear rate of a type 416 stainless r,i re' cylir..:-': 
pressed onto a rotating, lubricated cylinder of 304 stain
less steel. The erosion rate of the fixed cylinder is 
seen to drop •*, 50 times upon K implantation of the rotating 
cylinder. The responsible mechanise has not been established, 
but is believed related to an interaction between the !.' ar.i 

dislocations which impedes the notion of the latter. The 
effect persists to depths much greater than the implantation 
range, perhaps because the N nigrates before the advancing 
wear front. 

Recently, the irraciation-inducec transport r-.echamsrs 
discussed in Section II. A have been exploited to accelerate 
thin-film reactions. For exar.ple, the temperature of silicide 



fcrr.atior. frcr various Si-r.etal couples has beer, re 
several hurdred °K by inert gas cr S: ion bsri^arcire 
T.-.is nay preve to be a significant capability 1:. f .. 
terpc-rature fabrication of serricor.ductor devices. 

SCCIi. FUTUHE DEVELOPMENTS 

Prospects seer good for overco—inc several widely 

accepted constraints on ion implantation of retals. First, 

the lir-.it or. co-positional chances imposed by sputtering, 

typically 5 - 30 at.*, has already been circumvented by 

icn-induced fixing of predeposited films. ' ' Additional 

work is needed to determine whether the nixing rate is 

sufficient in all systems at ail temperatures, and to what 

extent the nixed and implanted alloys differ in ir.icrostructure. 

Second, pulsed surface heat.'nc by lasers or electron bears 

—ay pemit damage recovery while retaining other metastable 

characteristics such as supersaturation. Highly super

saturated and defect-free solutions have been achieved in 
c 31 . . ., 
SA, and similar experiments are now being conducted ir. 
metallic hosts. Finally, a new generation of high-flux 
implantation accelerators is being planned, and with these 
machines the feasible implanted areas should be measured in 
square meters rather tr.an centimeters. 

iucec 
.i." — - K 
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Figure Capt.' >n_s 
1. Observed spatial distribution of vacancies within three 

individual ion damage cascades in W. The data were obtained 
at a temperature of 10 K using field ion microscopy. The 
arrows give the direction of the incident ion, and bars con
necting the vacancies have a length equal to one nearest-
neighbor lattice spacing. (Ref. 13) 

2. Transmission-electron dark-field micrograph of Al 

following room-temperature implantation of 2 x 10 Ni/cm 

at an energy of 150 keV. The dislocations appear as 

bright regions. (Ref. 16) 

3. fiiederaa plot of lattice location for various elements 

implanted into hep Be at room temperature. The experimental 

data points were obtained by ion channeling, and theoretically 

pred-'cted regions for occupation of the three sites are 

separated by solid lines. (Ref. 4) 

4. Transmission-electron dark-field micrograph of c-FeSb 

precipitates in Sb-implanted Fe. Room-temperature 
16 2 implantation of 6 x 10 Sb/cm at 200 keV was followed by 

a 0.5 hour anneal at 373 K. Phases were identified by trans
mission electron diffraction. 

5. Depth profiles of implanted Cu in Be before and after 94 
hours at 673 K. The concentration scale is expanded 2.5 
times on the right-hand plot. 

6. Redistribution of Sb to TiC precipitates in Fe during 
annealing. The Fe host was alloyed by ion implantation 

at room temperature prior to annealing. The TiC precipitates 
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Figure Captions (Continued) 
had a mean size of ^ 2 nm, and their depth distribution 
is reflected in the measured Ti profile. (Ref. 28) 

7. Normalized wear rate for a stationary stainless steel 
cylinder held against a rotating stainless steel 
cyclinder as a function of implantation conditions. 
(Ref. 30) 
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