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We observe that implanting Ti into high-purity Fe results in an amor-
phous surface layer which is composed of not only Fe and Ti, but also C.
Implantations were carried ocut at room tf%peut re over the energy range
90-190 keV and fluence range 1 ~ 20 x 10-’at/cm“s The Ti-implanted Fe
system has been characterized using transmission electron microscopy (TEM),
ion backscattering. and channeling analysis, and (d,p) nuclear reaction
analysis. The amorphous layer was observed to form at the sr;face gnd grow
inward with increasing Ti fluence. For an implant of 1 x 10" 'Ti/cm“ at
180 keV the layer thickness was 150 A, while the measured range of the
implanted Ti was ~550 A, This difference is due to the incorporation of
C into the amorphous alloy by C being deposited on the surface during im-
plantation and subgequently diffusing into the solid. Our results indicate
that C is an essential constituix}t of Ehe amorphous phage for Ti1 concentra-~
tions €10 at.Z. For the 1 x 10°/Ti/cm“ implant, the concentration of C in
the amorphous phase was ~25 ut.Z%, fyne ﬂzna: of TL was only ~3 at:%.

A higher fluence implant of 2 x 10"/Ti/em“ produced an amorphous layer with
a lower C concentration of ~10 at.” and a Ti concentration of ~20 at.X.

*This work supported by the U.S. Department of Energy, DOE, under
Contract DE-ACQ4-76-DP00789.
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Introduction

Anorphous metallic alloys show considerable promise inm reducing wear
or corrzsion in a variety of systems(l}. By ion implantation such amorphous
alloys can be formed independently of bulk properties. Thus far, implantation-
produced amorphous alloys have been described as binary systess consisting of
a single species faplanted into the host material. We report here the ob-
servation of a surface amorphous alloy on Fe which %nccrporates not only
ifmplanted Ti, but also C which {a brought in frem the sucface during the im-
plantation process. We have studied this alloy using both TEM analysi-~ ard
ion beam analysis and have concluded that the C is an essential constituent,
at least at Ti concentrations <10 at.X. Our results are the first to demon-
strate that implanted amorphous alloys can be ternary because of the introduc-
tion of impuritizs such as C at the gurface.

Experimental Procedures

A disk approximately 10 mm diameter and 2 mm thick with the face per-
pendicular to the <100> axis was spark-cut from an iron single crystal rod
of 99.99% purity. It was electropolished in a solution of 450 ml methanol,
50 ml distilled water, and 50 ml concentrated nitric acid at ~ =63°C to
remove ~ 0.1 nm of possibly spark-damaged material from each sfde and to
produce a mirror finish. For TEM studies, iron foil of 50 ym thicknesz
and the same purity was cut to convenient sizes for implantation (~_ 1 cm x
2 cm), degreased, and then annealed overnight in high vacuum {~ 107/ torr)
at 860°C to produce large grain (~ 100ym), damage free polycrystalline
foils. These were electropolished to a mirror finish with the ahove pro-
cedure.

An implanter fitted with a sputtering source{2) was used to ;mplant Tit,
Prior to implantation, the sample chamber was pumped to ~ 3 x 10° torr
with a tt_xgbo-molecular pump. During implantation the pressure rose to
~ 3 x 10 ° torr. Residual gas analysis has shown that the increased pres-
sure is largely due to argon which is used as a carrier gas in thf spu:teaing
spurces The foils were implanted with a typical flux of ~ 5 x 10 2 Ti/cm“~s
to their final fluence and then used for TEM examination. The single
crystal was implanted to low fluences, examined with ion beam analysis, and
then implanted again to be analyzed at progressively higher fluences.

A single—jet electropolish umit was used to thin the foil samples from
the unimplanted side to produce electron-transparent areas. The above solu-
tion was used with the following conditions for optimum transparent material.
The electrolyte temperature was neld between -65 to -=73°C. A 1l mm diameter
jet was used with a separation of 5 mm between the nozzle and the sample.

A voltage of 220 V was used to obtain a current of 15 mA. The electrolyte
flow rate was as slow as possible consistent with a stable jet and with
removal of bubbles forming on the sample during polishing. Following auto-
matic shutoff of the jet when light was detected passing through the sample
by a detector beneath it, the sample was rinsed (about 1 minute in each
rinse) twice in absolute ethanol, once in acetic acid (25 ml) dfluted with
methanol (450 ml), followed by pure methanol and finally absclute ethanol.

We have presented these detalls because this procedure had the fortunate
effext of not attacking the amorphous layer. The electropolish removed the
crystalline material, but left large areas of the amorphous layer exposed.

An example is shown in Fig. 1. From the high transparency the layer's thick-
ness is estimated to be { 500 A. Normally, an electropolished TEM sample

15 penetrated and the material around the edge of the resulting hole is
studiede It is then difficult to find large areas of very thin sample so
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Fig. 1 - Bright sleld TEM micrograph of Fe implanted with

2 x 1 Tl/cm showlng the very transperent, thin
amorphous layer (white area). Shown Just above
the micrograph is an illustration of the sample
cross section after thinning.
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Fig. 2 - Electron Diffraction pattern from the
thin amorphous layer in Fe implanted with
2 x 10 7Tl/cm , and ite microdensitometer
trace,




 that material very near the implanted surface can be observed alone.
However, with these samples, the amorphous layer could be observed without
the superiaposed image of the underlying crystslline naterial. This also
allowed selected area diffraction patterns to be obtained from the amorphous
layer without the superimposed reflections of inderlying material. Examining
progressively thicker sections of the sample allows depth information to be
obtained from the TEM projected images.

Ion backscattering and nuclear reactlon profiling data were obtained
using a Van de Graaff fon accelerator. Depth profiling of the disoydered
regions in the implanted Fe crystal was done by channeling 1.8 MeV "He
ions along the <100> axis. Deuterium ions at several different energies
were used to Ildentify the levels of C and O present in the sample through
(d,p) nuclear reactions(3)., The concentration profile of the Ti implants
was determined using 6 MeV “He ion backscattering.

Transmission Electron Microscope Results

Three implantation condi ions re examined with TEM: 4 _x 1016 'I‘j./cm2
fmplanted at 180 keV, 1 x 10 Ti/cal ot 180 keV, and 2 x 1017 T4/ cm? with
the impiant energy varied from 190-90 keV in 4 nearly equal steps. The
highest fluence offered conclus!ve evidence of an amorphous surface layer.

A diffraction pattern obtained from the thin layer and its microdensitometer
trace are shown in Fig. 2. The two diffuse rings have wave numbers (S =
lm/sins = 2n/d, where d is the atomic spacing) S; = 3.06 A™" and S

5.2% AL uhich are typical of other amorphous Fe rystems(b). The diffuse
ring pattern is not that of iron oxides; samples vhich have oxidized show

a diffuse ring closer to the undeflected beam. The diffraction pattern
shows very little evidence of crystalline Fe in the center of the very trans-
parent area.

The 4 x 1(‘)16 Ti/emz sample showed similar very transparent regions.
Electron diffraction patterns from these areas show the same amorphous rings
plus an oriented Fe diffraction pattern. The latter is due to Fe crystallites
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Fig. 3 - Dark field micrograph
using a {110} Fe
reflection to 11luminate
Fe crystallites embedded
in the very transparent
amorphous layer in Fe
inplagted with 4 x 10!
Ti/co%
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enmbedded in the amorptious material as shown in Fig. 3.  The pattern
orientation is the same as that of the thicker, crystalline regions of the
sauple immediztely surrounding the very transparent area, and the crystal=
lites exhibit the same contrast as the surrounding material. We conclude
that the amorphous, transpavent layer contains izou crystallites embedded
in it which retain the orientation of the original large grain. 7he trans-
parent layer does not, however, contain all the implanted Ti as evidenced
by a dense array of dislocations created as the Ti lons come to rest In the
thicker rrystalline sample regions.

The 1 x 1017 '1‘1-/:1:\2 foil had similar very :rargparent areas which
showed less crystalline Fe than observed at 4 x 10 Ti/cm « Thicker
sample regions also showed dense dislocation arrays, again demonstrating
that the amorphous layer does not extend to the full depth of the Ti range.
Thus, TEM shows that a thin layer on the surface of the Ti-implanted Fe
is amorphous, with orfented crystalline Fe embedded in it. The amount of
oriented Fe decreases with increasing Ti fluence.

Channeling and Nuclear Reaction Results

In order to systematically study the formation of the amorphouz regions
in Fe, depth profiles of disordered Fe were obtained using 1.8 MeV
channeling along the <100> direction, with glancing emission angle detection.
Fou)é channelin spectra a§e showm in Fig. 4 for Ti fluences ranging fruon 1 x

to 2 x 10 atoms/cm®, where the depth has been obtained assuming the
density and electronic stopping power of pure Fe. A random spectrum is also
shown for each Ti fluence. The shapes of the vandom spectra are modified by !
two factors as the fluence 1s increased. First, the atomic percentage of Fe
in the implanted reglon is vreducerd, which reduces the height of the random
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Fig. 4 - Helium channeling spectra obtained along the Fe <100> axis for
several fluences of implanted Ti.



spectra. Second, direct acattering from T{ atoms overlaps the Fe scattering,
beginning at the energy corresponding to the surface Ti, marked on the depth
scale of Fig. 4, This Ti signal increases the random spectra, counteracting
the loss of Fe signsl. It should be noted that the Ti signal cam also be

a component of the channeled spectra at depths below the Ti mark.

The charneling spectra are characterized by a peak at the surface which
grows in height (a measure of disorder) 8nd depth as the Ti fluence is in-
creaged. At the lowest fluence (1 x 10! ), the disorder peak is ~ 2 times
as high as the surface peak from a virgin cyrstal (not shown) and 60 A full
width at half-maximf?- Thig width increases to 150 A as the Ti fluence is
increased to 1 x 10/ Ti/cm“. The range of Ti implanted at 180 keV was deter—
mined separately by 6 MeV ion_backscattering to be ~ 550 A, with 4R = 300 A.
Thus, for 1 - 10 x 1016 Ti/cm2 implanted at 180 keV, the disordered region
at the surface is much shallower than fye deptg profile of the implanted Ti.
Only in the heaviest implant of 2 x 10~/ Ti/cm® does the depth of the
disordered region approach the range of the implant. This was a multiple
energy implant (90 - 180 keV) which brought the Ti concentration in the
first 400 - 500 A up to ~ 20 at.X.

In iight of the TEM results previously discussed, the disorder peaks
in the spectra of Fig. 4 are interpreted as being associated with a partially
amorphous region, rather than to the presence of precipitates. This amorphous
region is seen to grow inward from the surface as a function of Ti fluence.
The height of tne disorder peak relative to the random yield for each fluence
is then a measure of the percentage of amorphous material at that depth. The
fact that some He” 1ons are being channeled through the amorphous layer re-
quires that crystalline Fe be present at the same depth and that it have the
same orlentation as the underlying bulk of the single crystal. As the Ti
fluence is increased, the crystalline fracti9n is riduced, as seen by the
increasingly higher yields, until at 2 x 10°' Ti/em“ the surface region is
nearly totally amorphous. Thus, the channeling and TEM are complementary
and both give the same microstructure for the near surface amorphous layer.

The channeling results clearly show that the amorphous region appears
at the surface and grows inward, rather than conforming to the Ti profile or
the damage that the Ti introduces. This involvement of the surface suggests
that impurities present at the surface might be introduced by the incident )
Ti fons to produce the amorphous region. The primary surface contaminants 1
are C and 0; thus to test this possibility, the levels of C and O present in
the sample were determined by (d,p) nuclear reaction analysis. The results
showed very significant levels of C present which increased with increasing
Ti_fluence,, whereas the levels of 0 contamination were negligible (<7 x
1015 at-/cmz) and did not increase with Ti fluence. Measured levels of total
C vs. total implanted Ti ranged from 1:3 to 1:1 depending on the implanta-
tion history of the sample. '~ The local concentrations of C and Ti in the
amorphous phase can be obtained with the assumption that all the C is in
the amorphous material and that the T{ within the amorphous thickness is
divided proportionately between amorphous and crystailine Fe. Thesi esti-
mated ioncentrations are ~ 3 at X TL and ~ 25 at.% C for the 1 x_ 10 7
at./cm’ {mplant, and ~ 20 at.? TL and ~ 10 at.% C for the 2 x 1017 ar.fem?
implant.

VN

Carbon Introduction by Ti Implantation

Ve consider two methods by which C can be introduced into the Fe(Ti)
substrate. The C content of the near surface as a function of T1 fluence
(Table I) can be fit with a linear incresse and a non-zero intercept. We
interpret this relation as follows. A carbon layer is formed on the sample
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gurface during T{ lmplantation. This is commonly observed during implanta-
tion and is thought tc be due to a breakdown of residual hydrocarbon molecules
by the ion beam. We mssume that during implantation a steady-, E’ate amgunt

of C is reached after achieving a ninimum Ti fluence ($ 4 x 10f Ti/cm®).
With increasing Ti fluence, additional C is incorporated into the sample
while the surface C content remalns essentially constant, An estimate of

thf surfnie C 18 then obtained from the zero fluence intercept, ~ 2 x

C/cm“.

Kelley and Sanders(5) have examined recoil lmplantation of a layer of
surface ions during jmplantation. They have evaluated the quantity H/18
for oxygen on several substrates being bombarded with lons covering a wide
mass range (He, Ne, and Xe). H is the number of O atoms driven deeper than
5 A into the substrate for each incident fon when the surface coverage is
one monolayer. I is the incident ion fluence and 8 the surface coverage
as a fraction of a monolayer. H increases roughly linearly with the inci-
dent ion mass, and we have scaled their results to Ti. At their highest
energy (100 keV), the results become approximately substrate independent
{to within ~ * 10%) for Be, AR, and Mo, and we therefore apply them to Fe.
Extrapolating to 180 kei’ gives H/Ie = 0,0l to 0.02, Taking this value for
C and sefging a~1, 10 Ti/cm at 180 keV should then recoil implant

x 10 C/cm . This is far lower than our observed C content (~ 5 x

6 C/cm )e Thelr work was done for 0 < 6 ¢ 1, and while we expect some
mcrease in implanted C since our coverage is ~ 10 monolayers, this in-
crease would probably be less than tenfold, and In any event, appreclably
smaller than the observed C levels, Thus, recoil implantation dges not
appear to be responsible for the C introduction into our amorphous layer,

A second method we ccnsider is € diffusion from the surface layer into
the substrate during implantation., lhermocouple measurements indicate that
our samples reach 40, - 50°C during fmplantation, for which the C diffusivity
in Fe {s D = 2 x 10'16 cn 2 !s(6)s Cascade mixing can also be regarded as
a diffusion process(7,8), but calsulalz'mns yield a significantly smaller
effective diffusivity (~ 1 x 1071 /s)s Assuming that a constant source
of C 1s maintained at the surface during implantation, the amount of C which

- can diffuse into the substrate iz given by(9)

L(T) = coN [42E s )

where ¢, 1s the effective solubility level for C in our Fe(Ti). From the C
content’of the amorphous layer and its thickness, we estimate cj ~ 0.3. 1In
Table I we have listed the Ti implantationg studied and the obsgrveg C contents
and also the calculated values for L and /Dt using D = 2 x 10 /5

Here t 1s taken to be the implant time since that is the time over which the
C surface source is maintained. Diffusion appears able to incorporate the
amount of C we observe and to account for the amorphous layer depth, with the
possible exception of the highest fluence. The latter implant had a higher
local concentration of Ti which may have permitted formation of the amorphous
phase at deeper depths. While we cannot rule out contributions from recoil
implantation, C diffusion from a surface source appears better able to account
for the C in our amorphous layers. Also, no enhancement in the C diffusion
rate during implantation is required to explain the observed results. For

a constant Ti flux, Equation (1) predicts a square root dependence of C

on implanted Ti, which 15 also allowed by the C accumulation results.
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TABLE I

T Implant Observed Estimated Amorphous
Fluence Time C Content C Content Thickness YDt
(at./cn?) (hr.) (at./cn?) (at./cnd) A 2)
1 x 1016 ~ 0.5 1.7 x 1016 60 60
4 x 101€ ~2 3,2x 1016 34 1012 75 120
1 x 1087 ~6 6.0 x 107% 150 210
2 x 1017 ~12 6.8 x 1016 8.5 x 10 600 290
Discussion

WYe have observed that implanted Ti into Fe forms an amorphous layer at
the surface which incorporates not only Ti and Fe, but also C. Implanted Ti
by Ltself into Fe does not form an amorphous alloy for concentrations up to
'o ~ 10 até7 This 18 shown by the fact that the amorphous thickness for 1 x
10 Ti/cm® at 1BO keV is much less than the Ti range. An illustration of
the observed microstructure for the latter implant is shown in Fig. 5. The
T1 range and its assoclated ilon damage extend much deeper than the observed
amorphous layer. The diffusion model for C introduction from the surface is
consistent with this interpretation. For this and the lower fluence implants,
the amorphous region iy observed :f be two-phasa, containing bethk amorphous
and crystalline Fe. In the 2 x 10° TI/cm implant, the peak Ti concentra-
tion is ~ 20 at.%. Since the amerphous layer thickness in this alloy
extends to about the Ti range, it 1s possible that such Ti concentrations
could produce amorphous Fe without C.

As a check on whether C by itself in implanted Fe p{yduces an amorphous
alloy, we have examined an Fe foil implanted with 1 x 10 C/cm at 80 keVv
with electron diffraction. No diffuse rings were observed in the electron
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Fige 5 - Schemstic 11lustration of tne observed microstructure for 1 x 107
Ti/cm® implanted into Fe.
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diffraction patterns. Vogel(10) has used electron diffraction to study C-
implanted Fe and has identified the resulting alloy as (crystalline) oarten-
site. Fina)lly, Fe implantation into Fe, which should form surface C in the
same mznner as Ti, is reported not to produce an amorphous alloy(1l). Thu:,
C alone in implanted Fe does not appear to produce an amorphous alloy. ¥e
concluda that both Ti and C incorporated into implanted Fe are needed to
produce an amorphous alloy for Ti concentrations < 10 at.%. 7Yo further
elucidate the role of C, experinments in which C is also fmplanted are in

progress.

Previous studies of amorphous alloys(4,11-13) formed by implantation
have considered only the host and fmplanted species as alloy constituents.
Our results suggest that C incorporation should be examined in other systems
as well. For example, Ta-implanted Fe has been reported to become amorphous
above ~ 10 at.Z Ta(l4). Considering the chemical similarity of Ti and Ta
(both are strong carbide formers), the Ta alloy should be examined for
surface-introduced C.

Our work is elso unique in that we have been able to observe the amor-
phous layer separately from the crystslline substrate. Thie allows us to
better obtain depth information with TEM by examining progressively thicker
sample sections. In addition, it allowed us to observe that at the lower
fluences, the “"amorphous” layer is actually a two-phase layer containing
crystalline Fe as welle Previous implantation studies have not demonstrated
such a2 two phase intermediate step in going from a purely crystalline tc a
purely amorphous surface layer.

Ion implantation has been shown to favcrably alter the surface properties
of mwetals in many instances. In particular, Ti implantation into stainless
steels has been shown to reduce the wear rate(l5) by a factor of ~ 10.

Since improved wear characteristics are observed for amorphous retals, our
observed amorphous surface layer may be responsible for the improvement with
Ti implantatfon. The resistance to the very aggressive electropolish environ-
ment demonstrates the corrosion resistance of the amorphour layer, and this
system may prove important for that property as well.
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