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ABSTRACT

lon implantation technology plays an impoftant role in different fields of solid materials modification
and materials’ synthesis for specific applications and has become an gstablished industrial technique particu-
larly in the developed countries. In this paper, applications of ion implantation technique in the field of
metallurgy covering areas such as corrosion protection, friction and wear resistance, surface hardness and
synthesis of engineering material are reviewed, to be able to see the relevance of the technique in the iron
and steel industry in Nigeria in terms of economic and social benefits. The review touches on the fundamen-
t;|s of ion implantation in materials, which highlight the unique features or capabilities of the technique that
are being exploited for metallurgical applications, and its limitations.

It has been highlighted how the corrosion resistance, wear resistance and hardness of a variety of pure
metals and commercial grade engineering alloys(e.g. bearing steels, stainless steels, aluminium alloys, etc)
have been improved significantly by implantation of suitable impurity elements, resuiting in longer wear
fifetime, while low friction metal and alloy surfaces, and other technologically important engineering materials
have been produced by ion implantation. The possgible-mechanisms for the observed effects of ion implanta-

tion on the characteristics of the engineering materjals are briefly discussed

Keywords: lon implantation, metallurgy, applications, engineering materials.

INTRODUCTION

If engineers are to adapt engineering materi-
als for society’s needs, they must consider the per-
formance of all classes of materials that are poten-
" tially useful to the society during a period of extended
service.

Ideally, every engineering material should re-
tain its initial characteristics when in service. For ex-
ample, it is desirable that alluminium alloy used in
aircraft industries and steel used in shipbuilding should
maintain their high corrosion-resistance in the atmo-
sphere and seawater respectively. However, service
conditions may modify materials and may therefore
fail unless their alterations {(i.e. property modifications)
aré anticipated and included in the original design.
Engineering materials that fail in service must have
had their structuges altered {Svensson and Johansson
1993). Therefore, metallurgists and materials engi-
neers must pay attention to structure—-property—per-
formance relationship. This has led to the search for
other methods of materials preparation and process-
ing outside the familiar conventional metallurgical
methods. lon implantation technique has been iden-
tified and proved to be very useful for either avoiding
or solving many of the metallurgical problems in alloy
production and material property modifications
{Dearnaley et al, 1973).

lon implantation, a low temperature and non
equilibrium doping process is a versatile technique of
making controlled changes to the properties (mechani-
cal, magnetic, electrical, optical, etc) of most solid
materials because it makes it possible to introduce
into them in.a controlled manner, a wide range of

atomic species. The technique has been successfully,
used in electronic industries to mass produce semi-
conductor devices and integrated circuits.(Akintunde,
1997},

lon implantation is carried out when atoms
of the desired doping elements are ionized and accel-
erated through a fairly high electrical potential (~20-
400kV or ~1 - BMV) towards a solid material (e.g.
metal or alloy) which the ions strike and enter by
virtue of their kinetic energy {or momentum). After
the energetic ions come to rest and equilibration has
occurred, the implanted atoms can be in a position to
modify the properties of the solid substrate.

More than 1000 ion implanters (ion accelera-
tors) operating in the low and medium-energy range
{< 400 keV) and high energy range (~ 1 - BMeV) are
in operation worldwide for solid materials’ surfaces
modification. The design of ion implantation systems
vary from one to another and indeed depends on
applications. The detailed set up and operations of
ion implantation accelerators are well documented in
the literature (Thomae, 1990; Ryssel and Glawischnig,
1983 )

In the last four decades, the main trends in
the application of ion implantation technique in the
field of metallurgy are to synthesize, modify and con-
trol mateérials’' properties by substituting traditional
thermal processing with ion implantation of a broad
variety of energetic heavy or light jons depending on
applications.By changing the chemistry, structure and
properties of a thin surface layer by ion implantation,
it is possible to modify materials behaviour in areas
such as corrosion, friction and wear resistance, lead-
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ing to the development of technologically important
ergineering materials.

The aim of this paper is to review the appl-
cations of ion implantation technique in the field of
metallurgy, along with its limitations in order to high-

light useful practical results obtained on engineering

materials’ technology. The fundamentals of ion im-
plantation of solids in the energy range KeV to MeV,
cavering the fundamental physical processes occur-
ring during ion-solid interactions and the associated
phenomena like lattice disorder , e.t.c are briefly dis-
cussed and the unique features of the technique that
are being exploited for the development of important
engineering materials and improvement of materials
behaviour for specific applications are highlighted. The
possible mechanisms for the observed improvement
in the properties of ion implanted solid materials are
briefly discussed.

FUNDAMENTALS OF ION IMPLANTATION

In ion implantation energetic ion impinging

on a solid target will penetrate a certain distance .

before coming to rest inside it, as a resuit of loss of
energy mainly by two mechanisms ( Murarka and
Peckerar, 1988). One mechanism is the nuclear colli-
sions (i.e. elastic collisions of ion with target nuclei).
This is nuclear stopping.” The other one is the elec-
tronic interactions (i.e. excitation or ionisation of at-
oms by inelastic collisions with the ion}. This'is called
electronic stopping. The depth at which the ion comes
to rest is characteristic of the ion energy and mass,
and atomic number of both ion and target atoms.
The two energy loss processes, can be regarded to a
good approximation as independent processes, so that
the energy (E) loss per unit path length of the ion (x)
[i.e the total stopping power (dE/dx},  of the target]
is given by the sum of the two contributions: nuclear
stopping and electronic stopping [Ryssel and Ruge,
19861

i.e. (dE/dx) ., = (dE/dx)

+ (dE/dx) eV/cm....1.

tatal augletar electronic

The essential features of the complicated
calculations of the nuclear and electronic stopping
terms from theorgtical considerations are available in
the literature (Rysell and Ruge, 1986; Lindhard et al,
19681 . Nuclear stopping is the principal stopping
mechanism at keV energies, whilst electronic stop-
ping dominates at MeV energies.

Nuclear collisions cause the deflection or scat-
tering of incoming ion leading to changes in its tra-
jectory and displacement of the target atoms from
the lattice sites, provided the energy transferred (AE)
‘to a target atom is greater than the binding energy of
a lattice site (i.e. atomic displacement energy). The

-target is said to suffer radiation damage or lattice
. digsorder. Each freed atom moves through the target
as a second projectile i.e primary “knock-on” (recoil-
ing nucleus) resulting in the formation of a Frenkel
pair { Ziegler et al, 1985] {(a vacancy and the dis-
. placed atom) in the crystalline target. If both the
jons and the primary “knock-ons” are sufficiently

energetic, they can create more Frenkel pairs, which
in the extreme makes surface layers amorphous.

The total number of atoms displaced by an
incoming ion is given by the equation

N, EJ2 Epeenencnennnnes 2

where E [ = [(dE/dx)dx 1 is the total energy
loss of a particle in primary and secondary
nuclear collisions, and E is the displacement
energy of a lattice atom.

In amorphous solids and for ion energies above
a few keV, theiimplanted atomic profiles are approxi
mately Gaussian and can be described by the follow!
ing equation { Lindhard et al, 1968 and Znegler et al,
1985) which ignores ion channeling effects ie

nixd = N exp l- R /2IAR D Lo 3

where n{x} is the ion concentration as a func:
tion of depth, R_is the projected range or the
average depth of implanted ion; ARp is the
projected straggle, and N_is-the peak ion con-
centration at x = R_.

“Theoretical values of Rp and ARp are used to esti-

mate ion implantation depth for a given ion energy or
vice versa for the desired surface modification or solid

‘material synthesis.

Below are the major unique, features of ion im-
plantation technique that are exdlonted in metallurgi-
cal surfacé modification and material synthesis.

i A wide range of atomic species can be im-
ptanted directly into solid materials of \interest,
because most of the useful impurity atoms can
be ionized, accelerated through an electrical po-
tential to a precise energy,mass analysed to

reject’ unwanted ion species, and
scanned uniformly across the materials. The

. above holdsieven for atomic species which are
- not miscible with the substrates atoms. In con-
ventional alloying, in which one atomic species
is dissolved.in another under thermal equilibrium,
-the chmeq of atomic spec;és (i.e, alloying spe-
cies) is hmlw by chemical solublhty and reac-
tivity. lnfact corhparatlve!y very few atomic spe-
cses are capable of being mcorporated in another
by thé high tempetature because, of their low
diffusion coefficients.

§i Because ion implantation. is a non-equilibrium

-process, normal atomic diffusion rates and
their solid solubility limits can be readily ex
ceeded in ion implanted layers and the Gibbs
phase rule violated. Thisis because implanted
impurity atoms’can remain in ' metastable sites
in the substrate lattice and concéntrations -
above the solubility limit will redistribute deeper
into the substrate during subsequent heat
treatments.

i There is no change in the physical dimensions
of the substrate material { i.e work ~ piece)
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during ion implantation, unlike in alloying
process .This is desirable in metallurgy, and
for industrial applications.. ‘

iv  lon implantation process is basically a clean
process because the energetic ions are mass
analysed to sepatate unwanted atomic species
{i.e. contaminants) from the ion beam before
they hit the target material. In conventional

alloying, contaminants may be incorporated
under high temperature into the alloy along with
the desired alloying species.
v lon dose and energy of the implanted impurity
atoms, and substrate temperature can be inde
pendently selected to control and obtain with
remarkable predictability, the implanted impurity
concentrations and distributions {i.e implanted at
oms profile shape) in the substrates over a wide

range of doses that could be suitable for the
desired application. ,

vi lon implantation of selected areas of the target
material is possible- by using masks of suitable
materials to mask off areas which do not
require the ii*npurity atoms. This may be very

useful for special metallurgical applications where
selective material surface modifications are needed.

vii The surface properties of the implanted surface

jayer can be optimized, leaving the bulk properties
of the target material unchanged.

viii lon implantation can he used to creats an
intimate atomic mixture of controlled composi
tion, without many of the limitations of conven
tional alloying like thermodynamic constraints.
Thus the method can be used to develop new
enginearing materials by ion bearn synthesis, the
physical properties of which are dependent on
the implanted species. :

ix lon implantation technique lends itself to

““automation, because direct monitor ana precise
control of ion beam dose, energy and uniform
spatial distribution of implanted ions are done by

ion beam current,accelerating voltage and
scanning system . Therefore large scale processing
of special engineering materials is possible.

CCQRROSION PROTECTION USING ION IMPLANTA-
TION TECHNIQUE

Prevention of metallic cofrosion-is-a.major
metallurgical problem (Higgins, 1993). Steels rust
away due to lack of adequate protection. Metals cor-
rode when exposed to the atrmosphere. The mecha-
nisms of corrosion, viz: “ dry “ cofrosion or oxidation
and " wet “ corrosion or electrolytic action are docu-
mented in the literature(Higgins, 1993).

The presence of very small concentrations of
certain impurities in metals and alloys has been ob-
served to modify their corrosion characteristics
(Dearnaley et al 1973).These impurity elements tend
to promote the formation of a passive film within the
surface region of the alloys.Conventional thermal al-
loying technique( Coudurier et al 1978 ) used to in-
corporate the required one or more impurity elements

into steels to improve their corrosion resistances [
Clagyton and Wang 1983}, was regarded to be un-
" suitable for the following reasons.

i. The dimensions of the work-piece
(metals/alloysi can change under ther-
mal alloying.

ii. The existing bulk properties of the
work-piece may be altered by ther-
mal alloying.

iil. Solubility of the passivators in the
host material and the formation of
secondary phases, carbides, interme-
tallic compounds are the major con-
straints in thermal alloying. \

iv. Contaminants may be incorporated
into the work piece along with the
desired impurity elements during ther-
mal alloying.because of the high tem-
peratures involved.

Therefore, preferred method of minimizing or
preventing corrosion is to insulate surfaces from the
corrosive medium by

i. corrosion ~ resistant coatings [e.g.
paints, varnishes, metallic films like
tin coatings used in canning indus-
tries ]

ii. passive surface fiims {e.g. a thin chro-
rmium oxide film on stainless steel sur-
face which restricts corrosion, highly
insulating films of yttria-stabilized zir-
conia (YSZ) on structural materials to
restrict the oxygen transport rate to
the metal surface.(Kim and Andresen
1998 ).

However, the problems with these methods are mainly
the interfacial corrosion beneath such coatings. lon
implantation method with its unique features as stated
above is used to avoid such metallurgical problems
discussed above. However, limitations to surface al-
loying by ion implantation are the depth of penetra-
tion of implanted ions which is relatively small and
makes the implanted layers very useful in relatively
non-abrasive environment, because ot the fact that
the maximum implant- concentration is determined
largely by sputtering processes and in some cases by
radiation enhanced diffusion.

The method of ion implantation is an accepted
technique of corrosion protection for some special-

ized applications. Generally, it has been used to modify
the corrosion behaviour of both pure‘metals and com-
mercial grade engineering alloys [Clayton and Wang,
1983; Wang et al, 1979, and Al-Saffar st al, 7980]
eithér through modification ot the substrate by radia-
tion damage or chemical effects which alter the elec-
trochemistry of the surface reactions. The agueous
corrosion resistance of bearings made from M50 and
AlIS1 52100 steel (i.e. fully hardened martensitic steels)
was improved by ion implantation {(Wang et al 1979).
These bearings are used for the construction of
millitary aircraft propulsion systems, in which the pre-
cise dimensions of the bearings must be maintained;
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hence the need to useion implantation technique.
Measurement of localized corrosion resistance of M5O
steel jmplanted with Cr, Mo, Ti, Cr + Mo ions, done
by carrying out anodic polarization{ Moreland and
Rowland, 1977) in deaerated 0.1M NaCl pH 6 buffer
solutipn [Clayton and Wang 1983] showed that each

ion implanted provides self-passivity and higher break-

down potentials indicative of greater resistance to
localized corrosion. Localized corrosion resistance of
AlSI 52100 steel also improved appreciably using simi-
lar ion implantation treatments.
It has been observed that not all impurity el-
ements improve corrosion resistance. From the study
of the effects of ion implantation on the general cor-
rosion behavioUr of 304SS steel in 0.56M H ,50,, and
the pitting behaviour in 0.1M NaCl solution, it was
observed that implantation of Ar, Ti, and Si ions at
20keV into the steel at doses of 10'7 jons/cm?, had
no significant effect on corrosion behaviour, unlike
the implantion of Ta, W and Mo which enhanced pas-
sivation significantly. This is not unexpected as each
- of these elements are major passivators, and were
therefore probably incorporated into the passive film.,
Steel 3048S amorphized by implantation of phospho-
rus {1x10"7 p*ions/cm?, 40keV) showed enhancement
in passivity compared with the virgin 304SS steel,
and pitting resistance attributable to phosphorus im-
plantation [Clayton and Wang, 1983)
The influence of nitrogen ion implantation on
the corrosion behaviour of pure Titanium was stud-
~ied in 70% H,SO, solution [ Masahiko et al, 1999].
For nitrogen ion doses < 1 x 10'7 ions/cm?, corro-
‘sion resistance increased with ion dose. For ion dose
= § x 10" ions/cm?, the corrosion resistance de-
creases, though it is still larger than that of pure Ti.
Under X-Ray diffraction { XRD )examination; Ti N
formed when ign dose is greater than 5x10'® and for
ion dose equal to 1 x 10'® jons/cr?,both Ti,N and
TiN formed. Post implantation aging at 673K largely
increases the corrosion resistance, with enhanced
precipitation of Ti,N

Implantation of tantalum ions of doses 5x10'*
and 2x10'® ions/cm? into pure iron specimen was
found to improve the corrosion resistance of pure iron.
The corrosion resistance of tantalum implanted iron
is similar to that of conventional Fe-4.9at%Cr.
Alloy.{Ashworth et al, 1977).

- Potential-time measurements on pure Al and
70756 aluminium alloy implanted with 20KeV, 1 x’
10" Mo* ions/cm? , showed significant improvement
in both general and localized corrosion resistance [Al-
Saffar et al, 1980]. A single phase solid solution of
Al and Mo in the pure Al sample was reported, de-
spite the fact that Mo is virtually msolublo in Al un-
der normal alloying conditions.

The influence of implantation of silicon, mo-
lybdenum and cerium ions at 150keV, in the dose
range (1x10' and 1x10'%c¢cm?) on the oxidation
behaviour of a 18 Cr 8Ni stainless steel [Perez, et al
1998a) and 0.80%Cr - 0.40% Mo heat resistant 13
CrMo44 ferritic steel [Perez et al 1998b) was studied
in air for 144 hours under isothermal conditions at
1173K and 973K respectively. Using Auger Electron

Spectroscopy (AES), Scanning Electron Microscop'
(SEM), Energy Dispersive Spectrometry (EDS), and >
- Ray Diffractometry (XRD) techniques to character
ize the implanted surfaces and the corrosion prod
ucts formed, it was observed in the case of 18Cr8N
steel, that the implanted Si and Ee significantly im-
proved protection against oxidation of the alloy by
enhanced Crstransport, while Mo gave rise to an ac-
celerated oxidation due to the formation of volatile
MoO, species. In the case of 13CrMo44 steel, silicon
enhances selective oxidation of Cr and a more pro-
tective oxide scale was found to grow. However, Ce*
caused cracking and spalling of the oxide layers
formed at high temperature.

Generally, ion implantation of rnetals causes
an increase in the atomic density of the implanted
surface layess by introducing radiation damage and
adding further ions. These combined to produce com-
paction of the surface layer. The compsction “case -
hardens” the surface, closgs any microcracks and
locks in the surface grains. The compaction also
reduces the number of surfaces or crack sites suit-
able for chemical attack. In this way corrosion resis-
tance of the metal is enhanced.

PRODUCTION OF LOW - FRICTION AND WEAR
" RESISTANT METAL SURFACES BY ION
IMPLANTATION

Friction anu wear of metal or metallic alloy
surfaces cause a loss of surface materials. The con-
ventional method of reducing friction and wear is to
apply fluids (e.g oil) or solid {dry) lubricants{e.g paints,
coatings,etc) to the metal or alloy surfaces. More-
over, under dry lubrication, wear—resistant metal sur-
faces can be obtained using the methods of case
hardening, alloying, and plating. Although a reason-
able' measure of success has been achieved using
these conventional treatments of metal or alloy sur-'
faces, some problems that have been identified.are;

i Lubricants may cause undesirable chemical
changes in the engineering material surfaces
since frictional forces can induce changes in
metal surface temperature leading to various
chemical reactions with the surrounding at-
mosphere.

ii. Under high temperature conditions, solid lu-
bricants with their low vapour pressure, which
are applied as thin coatings with some form
of binders often peel off .or we have accu-
mulation of soft wear debris.

i Under certain conditions/environments, fluid
lubricants containing sulphur may degrade to
tarnish copper, forming copper sulphide The
tarnished copper surface makes copper tubes
tear during drawing.in the factory.

" Because of the problems enumerated above,
surface modification by implantation of foreign at-
oms was tried and found to reduce friction and wear
of metal surfaces depending on the type of foreign
atoms used.{Pope et.al, 1984).
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The effects of dual implantation of Titanium
90 - 180 keV, 2 x 10" Ti* / mm? ) and Carbon
(30keV, 2x10'°C*/mm?); and Nitrogen (2x10'N*/
rf\rnz, 50keV) into 440C stainless steel, on the fric-
tion-and wear were investigated( Pope et al, 1984)
using pin - on ~ disc configuration. The results are
shown in" figurg 1. Friction coefficients were mea-
sured continuously and steady state values reached

near the end of 1000 unidirectional cycles were con- -

sidered. Wear was determined after 1000 cycles by
measuring the mean Maximum Wear Depth (MWD)

defined as the distance from the original surface to
the deepest part of the profile. In a nutshell, their
results showed that dual implantation of Ti and C
into 440C stainless steel reduced friction coefficients
by ~ 40% for loads < 600g, and wear by >80%,
compared to unimplanted 440C steel, for Hertzian
stresses as large as 2900Mpa (~800g)}. The. amor-
hous layer produced by these dual implant is be-
ieved to reduce friction and wear. Implantation of 2
x 108 N*/mm?, 50keV into 440C steel reduces fric-

" tion slightly (25%]) for Hertzian stresses < 1840Mpa,

TABLE 1. IMPROVEMENTS IN WEAR LIFETIME OBTAINED BY NITROGEN IMPLANTATION
[ Hirvonen 1984 ]

'APPLICATION 1 MATERIAL " LIFETIME INCREASES, ADDITIONAL
‘ BENEFITS
Scoring Die for Aluminium D2 Tool Stee! - 3X
Beverage Can Lids : .
Forming Die for Aluminium D2 Steel Lowered wear
. Beverage Can Bottoms
Wire Guides Hard Cr Plate — 3X without significant wear
Finishing Rolls for Cu Rod H.-13 Steel Negligible wear after 3X normal lifetime;

Improved surface finish of product

Paper Slitters

2X

Punches for acetate sheet

1.6% Cr 1% C Stee|
| cr -plated steel

Improved product

Taps for phenolic resir:

M2 high speed steel

- Up to X

Tool inserts 4% Ni 1% Cr Steel

Reduced tool corrosion by 3X

Forming Tools

112% cr. 2% C steel

Greatly reduced adhesive wear

Fuel injectors and metering Tool steel
pump :

"> 100X _in engine tests

Plastic Cutting

Diamond tools.

2X - 4X lifetime

Hip joint prostheses Ti / 6AL/4V- 100X in laboratory-tests

Printed Circuit Board Drills WC -~ Co 3X, Lowered smearing with 50% lower
operating temperature, reduced breakage -

Dental Dnilis WC -~ Co 2X - 3X, significantly lower cutting force

required

Punch and die sets for sheet WC - Co
steel laminations

4X - 6X, improvement remains after
resharpening

Pracision punches for electronic| WC - 16% Co

Greater than 2X.

BX throughput. improved surface finish

parts

Swagins dies, press tools for | WC - Co 2X
wheels

Dies for copper rog WC - 6% Co

Dies for sivel wire WC - 6% Co 3X

Sheet steel chopper blades WC - Co

Greater than 38X, reduced chipping

Injection mo|d|ng nozzle, molds | Tools steels and hard Cr

screws, gate pads for glass and| plated steels.
mineral fuugg plastics

4X - 6X

N into thermally nitrided steei | Tool steels
melds

Combination better than either process

Profile Hot Die for plastic
extrusion

P-20 Tool steel

“4X

NE: 2X means two times
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lwhlch dlsappeared for Ioads 2 400g. However, mtro-
g en implantation provides little or no reduction in wesr.
{t seems that any hard nitride particles procg%ed bv
nitrogen do not modify the hardness of steel
significantly.(figure 1.)

* Hartley et al 1973 have also shown experi-
mentally that modification of the wear of steel sur-

faces is dependent on the type of ions

implanted.Selected ion species like Sn*, Pb*, Mo*,
Int, 'Ag* and Kr*, have been implanted into polished

or ground specimen of a case-hardened steel-EN-352 .

to doses between 10'® and 10'7 ions/cm?. Friction,
wear and. chemical changes were measured asﬁa
loaded tungsten carbide ball is driven repeatedly
- acfoss an implanted surface. Many of the implanted
metals produced a reduction in the coefficient of fric-
_tion of the En 352 steel surface. Krypton (inert gas
ions) did not produce a change in the coefficient of

—friction whilst Pb increased the coefficient of friction -

because it is believed to be weakly bonded to the
surface, so it sheared.

Hard and wear resistant alluminivm alloys are
very useful in aeronautical and molding industries.
Nitrogen implanted into alluminium alloys khave been
shown to improve the alloys’ hardness and -wear re-
sistance as the nitrogen ion doses increased
[Rodriguez et al 1999]. Post implantation thermal
annealing which is meant to improve crystallinity of
the implanted layers also enhances the wear resis-
tance and hardness. lon implantation is a good tech-
nique; for treating industrial tools, if such tools can-
not withstand the high temperatures associated with
conventional thermal processing because of possible
distortion, or there is a need to avoid dimensional
changes of the tools. Hence nitrogen implantation
has been used to increase .the wear lifetime of Co-
balt-cemented tungsten carbide dental drills. Table 1.
gives informati »n on other nitrogen implanted indus-
trial tools. ( Hirvonen 1984 ), V

MATERIAL SURFACE HARDENING BY ION
IMPLANTATION

The main goal of design and materials engi-
neers is to create stronger and tougher (i.e hatd)

engineering materials to enhance their performany e

. and prolong their lifetime when in service. Hardemng
of engineering materials involves impeding the move-
ment of dislocations by making alterations to the struc-
ture on approximately the atomic scale { Higgins, 1993
: Grounds, 1974 ). lon implantation is suitable for
creating these impediments to dislocation motian,
which take the form of impurity atoms, defects, pre-
cipitates, e.t.c. -

Low-energy ion implantation is commoniy
used as a hardening technique to obtain point Qq—

fects hardening, defect complexes hardening, solid -

solution hardening due to |mplanted foreign atoms,
and strain hardening. Surface hardness of metals has
been significantly increased by low energy nitrogen
or carbon implantation { Bredell and Malherbe, 19851.
Hardening mechanism of implanted atoms canf‘be
explained as follows: The implanted impurity atoms

J. ADEWUY! AKINTUN
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Figure 1:
(a) Friction coefficicot versus normal load from
implanted 400C, the average flunctuatioin in fric-
tion coefficient during one revolution for all tests

was * 0.006. {Popc ct.al 1984)

(b) MWD versus normat load for implanted 440C
stainless steel, with an average coefficient of vari-
ation of £ 0.3 ("ope ct al 1984)

reside in the crystalline host matrix either on subsu
tutional or interstitial positions. They produce lattice
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‘distortion when the substitutional atoms are either
larger or smaller than matrix atoms or the interstitiat
atoms are larger than the interstitial sites they oc-
cupy. The stress fields associated with these distor-
tions ipteract with the stress field of a moving disio-
cation, causing the motion of the dislocation to be
‘npedgd. This type of hardening is known as solid
solution hardening. Implanted atom induced point
defects also harden the material since they impede
the mption of dislocations. Defect generation rates
by ion implantation are high, and dependent on ion
species {ion size) ,energy and dose. Increase in ion
dose c¢an lead to saturation of damage production
and enhancement of hardness. The strain fields as-
sociated with the defects and implanted atoms also
enhange the hardness.

Carbon ions were implanted at high doses (<
8x10"%ons/cm?} in AISI 440C martensitic stainless
steel and Ti6AI4V (Titanium ~ Aluminium - Vana-
dium) alloy substrates to form carbon layers without
a sharp interface with the substrates (Viviente et al,
1999), From X-Ray photoelectron spectroscopy (XPS)
analysis, and for ion dose of 4x10'® C*/cm?, a car-
bon layer containing more than 85 at %C was formed
in the near surface region for both substrates. Sur-
face hardening occurred for all ion implantation con-
ditions for ion doses < 10'8cm2, However, for ion
doses > 10'%cm?, the stainless steel showed soften-
ing. ' .

High energy ion implantation (MeV) makes it
. possible to produce thick distorted (hardened) layers
in which the influences of different defect types and
of implanted atoms can be differentiated. Point de-

fects are located within the near surface layer and
defect.complexes within the buried highly damaged
layer. Point defect hardening acts as a second hard-
ening mechanism, 'in addition to solid solution hard-
ening. T MeV,1x10'"®N*/cm? implanted into pure Ti
made: the peak of the nitrogen concentration to be
located at a depth of 0.94um. This deep implant
caused an increase in surface hardness and load -
"carrying ability of 30% compared to low-energy im-
plants (35-200keV). Also a decrease in the sputter-
ing yield with increasing ion. energy has been ob-
served.

SYNTHESIS OF ENGINEERING MATERIALS BY ION
IMPLANTATION.

Surface alloy formation

Three major reasons for alloying two or more
metals are to improve the mecHanical properties of
metals such as tensile strength, yield point, and hard-
ness; lower the cost and obtain spec:|a| properties for

. a partigular application.Conventional alloys which in-
volve high temperature treatments are difficult to pre-
pare, and incorporation of dopants is very restricted.
Chemical purity of ion implantation method plus the
control ovér the implanted ion distribution in the sub-

‘trate ensure. that many of the metallurgical prob-
fems in alloy production are avoided. Thus in ion im-

1

planted- alleys, the choice of dopants is wider, ani
solid* sotubilities or atomic diffusion rates normally
considered critical in thermal alloying are no con-
straints using ion implantation. Surface alloys are
formed either by direct implantation of the atoms of
interest into the substrates or ion beam mixing tech- -
nique. However, major limitations of ion irnplantation
method for production of alloys,which may make it
not to be adequate or appropriate for production of
final alloys for general applications are the increase
in implantation times with ion dose, depth of pen-
etration which is somehow shallow (~ptm) and the
maximum implant concentration which is determined
largely by sputtering processes, and in some cases
by radiation enhanced diffusion (R.E.D.) [Liau and
Mayer, 1980].

Alloy formation by direct ion implantation of substrates

Sartwell, et al , 1976 have formeed surface
binary alloys by direct implantation of low energy (
25keV ) nickel, chromium and alluminium ions of vari-
ous doses into polycrystalline iron. The implanted lay- -
ers heat treated at 500°C are Fe ~ 6.6 at% Cr., Fe —
13.3. at% Cr, Fe.-.18 at%Cr, Fe - 6.6 at% Ni, and Fe
~ 6.6 at% Al. These alloys possess high corrosion
resistance. Many binary alloys like Cu-Ni, Cu-Au were
created in single crystalline copper held at room tem-
perature using ion implantation. { Borders and Poate,
1976; Good and Dearnaley, 19761 Some of the
dopants (e.g. Au) which are 100% substitutional in
Cu. lon implanted.amorphous intermetallic alloys like
Ni-Dy. (30at %), have-also been produced at room tem-
perature. [.Andrew et al, 1976]

Alloy formation by lon beam mixing:techniqi:e

In this technique a film of metal is enther evapo-
rated or sputter deposited on the target surface and
inert gas ions are.implanted through the film to pro-
mote inter-diffusion across-the film - substrate inter-
face. This technique has been used to obtain surface
attoys (e.g Cu — Zn, Cu - Sn) of a broad range. of
composition: by implanting inert gas ions (Xe**,
Kr**,e.t.c) through evaporated or sputter deposited
metal films(Zn or Sn) on the substrate(Cu) to pro-
mote interdiffusion across the film — substrate inter-
face{ Liau, 1980 ). The thickness of the surface allcy
can be mcreased by repeating the process.

Superconducting alloys

Development of superconducting al!oys using.
the conventional metallurgical methods can be diffi-
cult and time consuming, and there are many prob-
lems of solubility and phase stability to contend Wuh
lon implantation has been used as an alternatwe
method. ( Dearnaley et al, 1973 ) ,

lon implantation has been used to synthesize
superconducting alloy {Nb,Sn). Niobium{Nb) tapes
measuring 3mm x 10lm each were bombarded with
100KeV Sntions to doses such that a mean concen-
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tration of 25 at % was implanted to a depth of about
- 1000A. A thin surface layer of Nb_Sn precipitates was
produced in the Niobium which was thermaliy an-
nedied at 950°C in argon at 360 torr for times up to
20mihutes. Nb,Sn is an important superconductor,
with a high critical field (>200KO ), a high current
density (> 10%Acm?) and a high superconducting tran-
sition temperature Tc of 18.5K. Concerning the mecha-
nism responsible for the observed superconductivity,
it was believed that either a large concentration of
fine Nb,Sn precipitates within the Nb surface region
would screen the underlying Nb from the penetration
of the magnetic field by pinning the flux vortices at
the surface to enhance its superconducting proper-

" ties or a fine distribution of Nb Sn precipitates could
carry a superconducting current by a tunneling phe-
nomenon.

Properties of superconducting alloys are gen-
erally sensitive to their compositions, and specifically
in some cases, the optimum properties occur for a
metastable state [Rose-innes and Rhoderick 1969 ].
In these cases ion implantation technique is capavle
of producing compositions not attainable by other
means, as demonstrated by work done by some in-
vestigators on the Pd - H — noble metal supercon-
ductors [ Stritzker 1974]. One hydrogen (H) per metal
atom is needed to obtain a maximum Tc, a concentra-
tion far above the H solubility. This problem, was
circumvented by implanting H into the Pd - noble
metal alloys at 4K, to obtain concentrations in excess
of one H per metal atom. Thus high T¢ -~ 17K was
obtained in Pd ~ Cu alloy.

USE OF ION IMPLANTATION FOR BASIC
RESEARCH IN METALLURGY

lon implantation has been used to investigate:‘

intermetallic alloys and radiation damage at low and

high temperatures (Borders, 1976 ; Good and’

Dearnaley, 1976 ; Robinson and Young, 1976 ). In
the low temperature regime (e.g room temperature),
ion implantation is used to create and study new
metastable phases, which include substitutional solid
solutions of immiscible elements, amorphous alloys,
and improved superconductors of nonequilibrium com-
positions, because lack of atomic diffusion at low
temperatures makes a metastable condition induced
by ion implantation persist. lon implantation has also
been used to study equilibrium alloys in the high tem-
© perature regime (e.g 400 - 800°C) ,where appreciable
‘atomic diffusion occurs over experimental times
(Dearnaley et al chap. 6 1973).The atomic diffusion
is monitored,and the amount of disorder in the alloy,
the substitutional fractions of the solute atoms and
their depth are detsrmined using 2 MeV He+ ion
backscatering (RBS) combined with channeling (Chu
et al, 1978) and transmission electron microscopy
(TEM) measurements. Solid solubilities of the solutes
are derived from the measured substitutional
fractions,i.e composition versus depth profile of the
solutes can be measured. Generally, the results of
these investigations have revealed new information
about phase diagrams,diffusion rates, and solubilitv

of solutes in the host matrix.

Implantation and diffusion of copper (100keV,
4-5%x108Cu + /cm?) in single—crystalline Beryllium has
been studied (Myers et al, 1974). Concentration ver-
sus depth profile up to ~ 2 pm was determined using
2 MeV, He* ion backscattering, following isochronal
anneals (400 — 650°C) of the copper implanted Be-
ryllium. Comparison of the profile obtained with the
Linhard, Scharff and Schiott(LSS) theory (Linhard et
al, 1968) showed a strong temperature dependent
diffusion rate for copper in Beryllium.

Investigations similar to the one described
above have been carried out on binary alloys created
at room temperature in single crystal copper [e.g Cu
- Au, Cu - W, e.t.c ] (Borders and Poate, 1976 ;
Good and Dearnaley, 1976). High substitutionality
for many insoluble elements (e.g. W) in copper were
obtained.

The suitability or otherwise of many materi-
als and elements in the periodic table for the produc-
tion of superconductors have been studied (Dearnaley,
et al, 1973).

CONCLUSIONS

1. This review has highlighted the work done

‘ to synthesize alloys and improve the hard-
ness, corrosion, friction and wear
behaviour of a variety of commercial grade
engineering'élloys for special applications
by modifying the surface composition and
structures using ion beam mixing and di-
rect ion implantation of suitable impurity
atoms (e.g. Cr, Mo,Ni, etc).

2. A major limitation to surface alloying by

' jon implantation is the depth of penetra-
tion of implanted ions which is relatively
shallow (~um ). This makes the implanted
layers very useful in relatively non-abra-
sive environments for technological ap-
plications where modification of surface
properties of engineering alloys, without
change of the bulk properties or alloy di-
mensions are very desirable. Examples are
steel components such as gears, shafts,
et.c. :

3. lon implantation is being used as an im-
portant research tool in basic research in
metallurgiy. Implantation is used to incor-
porate diffusing elements into materials-
of interest with better precision. Differ-
ent implanted metal layers are heat-
treated to obtain information about .
atomic diffusion rates, solubility of a sol- .
ute in the host matrix, phase diagrams
etc using Rutherford Backscattering Spec-
trometry (RBS) combined with chanelling
technique, and Transmission Electron Mi-
croscopy (TEM) measurements.

4. lon implantation technology lends itself
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" to automatlon leadmg to a Iarge scalgpros~

cessing of englneor‘ aterials (e
mestic and mdustnal tool
therefore the need 1o acqu

tation technology in iron and steel indus- -

. tries and related establishments in Nige-
ria, with dedicated ion accelerators (im-
planters) as the majdr equipment for com-
mercial utilization.The utilization includes

reduced surface friction and improved -

wear resistance of loh lmplanted indus-_

" trial and domestic ‘tools, leading to the -

. extension of their wear lifetimes. ngena

n the’ produbtlbh ‘of ‘High quality corro-
"'sion resistant; lowsfriction.and wear:re-
“ Usistant ‘éommeréial grade engineering.al-
loys, metals, etc. A short “returnson-in-
vestment time” is expected.
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