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Several spectroscopies analysing the composition and chemical nature of thin films (Ruther-
ford backscattering spectrometry, nuclear reaction analysis, secondary ion mass spectroscopy,
X-ray photoelectron spectroscopy) were combined with a specially designed technique of

- X-ray diffraction at grazing incidence on bulk samples, in order to characterize Ti,_,N, films of
nearly homogeneous composition obtained by ion impiantation at several energies. Differences
in the nature of the phases observed, with respect to previous TEM studies on thin foils, are
discussed in terms of radiation-enhanced diffusion and of thermal dissipation of the ion-beam

power. The distribution of nitrogen atoms, defects and phases as a function of the nitrogen
concentration are also correlated with changes in depth profiles of hardness measured by a

submicroscopic indentation test.

1. Introduction

The advantages offered by ion implantation or ion
mixing compared with other surface treatments in
specific cases of protection against friction and wear
are now well documented [1, 2]. Ion implantation is
particularly promising when surface finish must be
preserved and the material is to be protected by a hard
but ductile and adherent film in not too severe con-
ditions of abrasion. This is the reason for important
research dealing with nitrogen or carbon implantation
in ferrous alloys used as tools for the cutting and
forming of softer materials.

Compared with the case of steels, few studies have
been performed on the tribological behaviour of
another important technological alloy, Ti6Al4V,
implanted with nitrogen [3—-10]. The wear improvement
was correlated with the hardening of superficial layers
by -TiN precipitates (with a close packed orientation
relationship of the fcc precipitates and cph «-Ti
matrix) and by compressive elastic stress in the residual
o-Ti, _, N, matrix (lattice expansion) [4]. The develop-
ment of tensile stress in less implanted regions to
balance the compression at intermediate depths was
also observed in these TEM experiments; it may con-
tribute to the increase in surface hardness. The latter
was estimated to be a factor of 2 for a Ti~60%N film
50 nm thick resulting from the implantation of 45keV
N+ ions, by a submicroscopic indentation test [10]. In
another TEM study [9] it was shown that the initial
composition of the d-nitride precipitates is Ti-N,;,
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and that they grow and their stoichiometry increases
by radiation-enhanced diffusion of the nitrogen
atoms. However, they finally attain a maximum size
and stoichiometry (TiN, ;) and, because of the local
stress in the matrix, their density is limited. Precipitates
of another, less stable hardening phase, &Ti, N, were
then observed at higher implantation doses. The
maximum density of precipitates and the threshold of
concentration at which they appear seems to depend
upon the ion-beam current which affects both density
of mobile defects and temperature.

A reduction of the friction coefficient was only
observed when an amorphous TiO film contain-
ing hard TiN precipitates, or grown upon a hard
o-Ti 4 6-TiN sublayer, was formed during nitrogen
implantation [5-8]; this film was produced either by
recoil-implantation of the contamination layer or by
direct oxidation during high-temperature implan-
tation. Such a behaviour is analogous to the resistance
to seizure of other amorphous films formed during
friction of titanium or iron alloys lubricated with
thiophosphate or molybdenum sulphide [11, 12], and
also of amorphous NiB, NiP films produced by boron
or phosphorus implantation into nickel [13]. It has
been proposed that the hard «-Ti + §-TiN layer
might stabilize the lubricating amorphous layer of
TiO or TiO,_, N, [5]. An application is expected in the
field of protheses [6, 14] since titanium alloys or TiN
coatings exhibit too high a friction coefficient and
would induce inflammation of joints (in such
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TABLE I Theoretical parameters of implantation

Energy Mean projected range of ions, Standard deviation, AR, (nm) Mean projected Sputtering
keV i i
(keV) R,(nm) WSS TRIM COSIPO range of defects, R, yield (Tl
(nm) atoms/ion)
WSS TRIM COSIPO TRIM COSIPO
190 345 361 350 102 86 137 323 315 0.23
100 185 197 200 71 58 87 163 165 0.34
30 55 63 67 31 23 40 34 40 0.60
190 + 100 245 250 230 230 180
+30*

*Given values are for the sum distribution with implanted doses in the ratio 1, 0.69, 0.30.

applications the opposing surface is generally a softer
plastic).

Note also that little is known of the intrinsic proper-
ties of physical (PVD) or chemical vapour deposited
(CVD) TiN coatings, because they exhibit stoichi-
ometry gradients and various textures according to
the deposition process used [15]. Hardnesses between
1100 and 3000 kg mm 2 have been reported [10, 15, 16]
and it is thought that ¢Ti,N coatings formed under
lower nitrogen pressures (or as sub-layers during é-TiN
deposition) are intrinsically harder. Thus pure, homo-
geneous and isotropic films formed by ion implantation
of nitrogen into pure titanium would paradoxically
help us to understand the properties of thicker coat-
ings. However, only one study has dealt with the wear
behaviour of pure titanium implanted with nitrogen
(without observed oxygen contamination and in the
absence of the hardening é-phase of the TA6V alloy)
[17], and the respective contributions of nitrogen,
oxygen or carbon to the protection of titanium alloy
surfaces by Ti-O-C-N amorphous layers need to be
analysed.

The first results of such a study are reported here.
Single-phased and pure a-Ti;_,N,, &-Ti,N, or §-TiN,
films were obtained by implanting pure titanium with
well-filtered N* ion beams of successively decreasing
energies. Such conditions of implantation should
allow us to obtain films of homogeneous composition
over a large range of depths if implanted atoms would
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Figure I Theoretical distributions of (——) implanted ions and
(-—-) damage calculated by the TRIM computer simulation
program, with 1000 ions impinging upon the titanium target at each
energy of 190, 100 and 30keV. The dashed profile is the sum of
distributions obtained for implanted doses in the ratios, 1, 0.6, 0.3
at 190, 100 and 30keV respectively.
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remain statistically distributed as predicted by the
theory; but their diffusion during the cascades alters
the depth distribution. However, the absolute com-
position of the films was determined by Rutherford
backscattering spectrometry (RBS) and nuclear reaction
analysis (NRA) and depth profiles were obtained by
secondary ion mass spectrometry (SIMS). The struc-
ture of films was established by grazing incidence
X-ray diffraction (with a depth resolution of 50 nm)
and by X-ray photoelectron spectroscopy (XPS) of the
electronic structure. A submicroscopic indentation
experiment was used to measure the hardness of films.
It has been shown elsewhere that the intrinsic hardness
of films as thin as 50nm can be measured by this
technique, providing that the indentation depth is
measured continuously during loading and unloading,
and then corrected from the elastic recovery in the
depth of the imprint [18]. The correlation between
hardness and structure of the films is discussed.

2. Implantations and dosages of
implanted films
2.1. Implantations
The samples were cut from pure titanium rod
provided by Material Research S.A. (Marz quality
with a total impurity content less than 10~°, essentially
5t08 x 107*0, 1 to 2 x 107*C). Their surfaces
were polished with diamond pastes down to a 0.01 um
average roughness, then implanted in the C.S.N.S.M.
machine [19] under a vacuum better than 10" torr.
The energies of the “N* ions implanted were chosen
on the basis of the W.S.8S. tables [20] and of the TRIM
program {21, 22]; they were also compared to values
calculated by Keinonen [23] and Hautala [24] with
the computer simulation program for polycrystals
(COSIPO) (Table I — the coefficient of inelastic
energy loss is uncertain for light ions of energies over
10 keV/nuclei, and only the COSIPO attempts to take
into account the widening of implantation profiles due
to the channelling of ions). The ion doses implanted
successively at energies of 190, 100 and 30 keV were set
in the ratio 1, 0.69, 0.30, respectively, to try to obtain
a homogeneous nitrogen concentration profile in the
implanted layer over a depth of 500 nm.

Fig. 1 shows the theoretical distribution of implanted
ions for low nominal concentrations. The actual
distribution was expected to be flaiter, because of
the commonly observed smearing out of clemental
distributions implanted at a single energy into metals
[25, 26]. It is quite impossible to calculate a profile
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Figure 2 RBS analysis with He™ ions of 2.0 MeV of implanted titanium (®) and titanium implanted with nominal concentrations of 33% N
(&), 50% N (@): (a) raw energy distribution of ions backscattered by titanium atoms at an angle of 165°; (b) nitrogen profile deduced by
an iterative calculation program of inelastic energy losses in the target before and after the scattering event.

for high concentrations (over ~ 10% N) because
the target stopping power changes continuously with
composition, then with depth and with the course of
implantation. Moreover, the direction of the nitrogen
diffusion enhanced by radiation damages is expected
to change with the implanted dose [26], since interstitial
sinks are the surface and less implanted regions at low
doses, while they are the already formed precipitates
at high doses [4, 9].

2.2. Concentration measurements and depth
profiles by RBS and NRA
The real in-depth distributions of nitrogen atoms
could not be determined by RBS for all implanted
doses, since a light species in a heavier matrix is detected
with difficulty by this technique. For nominal concen-
trations higher than 10%, they were deduced from
Rutherford backscattering spectra of the in-depth dis-
tribution of host metal atoms (Fig. 2), obtained with
a 2MeV“*He" beam delivered by the Van de Graaff
accelerator of the Ecole Normale Superieure, Paris.
The depth resolution of these profiles is of about
I5nm and the uncertainty on concentrations (due to
statistical fluctuations in counts) i1s of 1% N.

TABLE II Meé.sured doses and concentrations

The total amounts of “N, *C and 'O in these
samples and in an unimplanted titanium surface was
also measured by NRA, using the "*N(d,p)"*N and the
2C(d,p)"*C, "O(d,p)""O reactions with deuterons of
1.6 and 0.8 MeV, respectively. The total numbers of
nitrogen, carbon, oxygen and titanium atoms per cm?
(measured by RBS for titanium) are given in Table II.
One can see that the surfaces are slightly contaminated
with oxygen (and carbon to a lesser extent) after
implantation, despite the fact that the ion current was
always kept below 5 uA cm~2 in order to avoid substan-
tial heating of the sample during implantation. How-
ever, titanium surfaces react strongly with oxygen,
carbon and nitrogen, and atoms of the contamination
layer which are recoil-implanted by the N* ions or
sputtered, are continuously replaced by CO molecules
of the residual gas. Moreover, titanium atoms can
diffuse during collision cascades and contribute to the
oxide growth; the energy distribution of emitted
protons indicates indeed that the contamination
remains very superficial. A maximum thickness of the
oxide film was calculated by assuming it was a pure
TiO, rutile one (Table II): it is higher for Ti—34% N
than for Ti—50% N, maybe because of sputtering and

Nominal nitrogen dose

Measured total amounts in the film (10" atom/cm?)

Mean nitrogen TiO,

(10" atom/cm?)

stoichiometry thickness (nm)

N 0 C Ti(*)
0 10 £ 2 38 & 12 10+ 2 2645 + 10 6+ 2
46 63 16 5 2664 Tig05 N 3

282 279 30 5 2515 TioooNo 10 5

554 579 62 7 2403 Tiggs Noss 10

720 730 70 16 2317 Tig6No. 1

930 1050 110 20 2159 Tige:Noss 17

1380 1593 48 8 2027 Tio 56 No.aa 8

*The number of titanium atoms was summed until a depth containing less than 15% of the implanted concentration (marked by an arrow
in Fig. 2) and it was then diminished of the number of titanium atoms contained in the oxide film. It corresponds to a thickness of 470 nm
in the case of the unimplanted surface and of 570 nm for Ti-50% N.
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than 100 on the same scale in the contamination
layer. The arrows show the mean concentration
measured by RBS in the first 150 nm of the films,
and deduced values of the concentration extremes.

slight differences in sample heating. These quantitative
analyses also show that the actual implanted doses of
nitrogen are somewhat higher than the nominal ones,
because one cannot prevent part of the secondary
“electrons emitted in the ion implanter optics under N*
bombardment from giving an electron current which
is directly subtracted from the integrated ion current.
These electrons are repelled onto the surface by the
grids used to repel those emitted by the target itself.

2.3. SIMS profiles of the depth distribution
of nitrogen, carbon and oxygen in
implanted films

The high sensitivity and the somewhat better depth
resolution of this technique permitted us to determine
the nitrogen, carbon and oxygen profiles with a better
accuracy. The machine used was a CAMECA 3F ion
microscope; details of its optics are given by Slodzian
[27]. The primary ions were Cs* of energy 10keV,
with a mean projected range of 2.7 nm at an angle of
incidence of 30° with respect to the surface. Such a
bombardment causes much damage in the outermost
layers (2 displacements per atom for each incident
ion) and thus gives a high value of the sputtering
yield, Sputtering rates of 1450 and 1700nmh™~' were
measured on Ti,N and TiN PVD coatings under our
experimental conditions by means of crater profi-
lometry. These were compared to the sputtering rates
of implanted films; the interface marked by an arrow
on profiles of Fig. 3 is inferred to be at the same depth
for all concentrations, namely that measured by RBS
for the higher concentrations (500 to 525nm). The
values are in good agreement for nitrogen contents
over 10% and thus the depth scales of profiles are
approximately linear.

Secondary ions TiN~ and Ti,N~ were selected in
the mass spectrum as the best to characterize the
nitrogen distribution, because few N~ 1ons are emitted,
and other polyatomic emissions overlap with various
more intense Ti,O,C, emissions. The profiles of
Fig. 3 show clearly that the nitrogen depth-distribution
is different for surfaces implanted with low concen-
trations (2% and 10% nominal values) and for nominal
concentrations over 20%. In the first case, it exhibits
maxima at depths corresponding approximately to
the theoretical sum-profile (of Fig. 1), while in the
second case maxima of concentration correspond
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rather to the elemental profiles of ions implanted at
each of the energies 30, 100 and 190keV. This effect
will be discussed later.

Table III gives the nominal concentrations, the
mean concentration measured by RBS, and the depth
positions of the extremes measured by RBS and by
SIMS. Nitrogen concentrations at the extremes were
calculated by calibrating the mean intensity of the first
TiN~ peak on the mean concentration measured by
RBS over this range of depth. It was also assumed that
the emission yield of TiN~ ions does not vary if the
variations of concentration are no more than 20% of
their mean values. The in-depth position and concen-
trations of extremes measured by SIMS are approxi-
mately equal to those measured by RBS for the highest
implanted doses.

The depth profiles of *O~ and "C~ ions exhibit a
bump at an approximate depth of 60 nm corresponding
about to the range of recoil atoms with a maximum
transferred energy by 30keV N™* ions. However, the
intensity of this bump is always less than 1% of the
level in the contamination layer, in agreement with the
results of NRA.

3. Structure of the films

3.1. X-ray diffraction at grazing incidence

The specially designed goniometer and detector are
described in another paper [28]. The incidence angle,
a, of a monochromatic X-ray beam at the surface of a
bulk sample can be set to a value very near the angle
of specular reflection (¢, = 0.30 to 0.33° for Ti,_. N,
alloys), and then increased step by step in order that
increasing thicknesses of the sample will contribute
to diffraction. This thickness, z, is related to the
absorption coefficient, u, of X-rays in the material
studied, to the angle of diffraction, 26, and to the
chosen contribution, y, of deeper layers to the yield
of diffraction, according to the formula:

In(l/y)
u(1/sina) + 1/sin 20 — @)

For instance z is of 90 to 150 nm, fora = «,, 8 = 20°
and y = 5% in the studied Ti,_,N, alloys.

A complete diffractogram is registered for each
value of z, then the contribution of slices of equal
thicknesses Az to a given diffraction peak are derived.
This requires an X-ray beam of high intensity, which

Z =



TABLE III Nitrogen concentration extremes

Nominal Mean nitrogen concentration Depth of maxima Nitrogen concentration extremes (%)
H 0,
Z:;n)centratlons (%) (nm) RBS SIMS
0
20—470 nm 40—60nm RBS SIMS max min max min
1.7 1.7 1.5 80 1.7 1.3
285 1.9
10.3 10.0 8.5 95 10 7.5
290 11
20.3 194 17 80 105 20 15 19 15
230 195 25 17 17 16
350 360 20 18
264 24.0 20 55 55 26 18 22 18
230 150 28 22 28 21
360 360 24 22
34.1 327 29 80 75 32 30 39 35
250 240 37 30 37 31
410 385 39 33
50.5 44.0 40 60 65 40 35 47 35
230 220 45 40 47 38
405 410 44 44

was in the present study the synchrotron radiation of
the L.U.R.E. in Orsay (filtered by a rotating curved
monochromator to give a chosen incident beam
wavelength between 0.09 and 0.21 nm).

Figs 4 and 5 show, for instance, partial diffracto-
grams over an angular interval 26 from 34 to 46°,
recorded at increasing depths of 160, 380, 600 and
900nm for two nominal concentrations of 20 and
50% N. It is clear that only the nitride &-Ti, N is formed
in the first case, while the §-TiN phase is observed in
outermost layers and &-Ti,y at intermediate depths
(ca. 350 to 550 nm) in the second case.

For nominal contents of 2% and 10% N only the
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Figure 4 Partial diffractograms of implanted layers recorded with
0.150 nm X-rays at incidence angles of 0.50, 1.30, 1.80, 2.30° on
Ti-20% N.

N

34° 40° "45° 20

solid solution o-Ti;_,N, is identified. Its measured
parameter indicates that the lattice swelling remains
less than 0.5%. However, the multiplication of planar
defects and local strains induce a widening of diffrac-
tion peaks. For films of nominal concentrations 20%
and 26% N, the measured intensity of «-Ti, N,
peaks on the outermost 350 nm decreases then falls to
zero (or at least is too small to measure); &-Ti,N
becomes the main constituent of these outer layers
Fig. 6. At these depths 4-TiN appears in the film
implanted with 34% N, and is the only phase identified
in that implanted with 50% N (Fig. 6).

This analysis is confirmed by the uniqueness of the
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Figure 5 Partial diffractograms recorded under the same conditions
as in Fig. 4 on Ti-50% N.
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Figure 6 Varniations of the concentration of each phase in slices of thickness Az = 50nm, as a function of depth z, deduced from
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Ti.

binding energy of each electronic level measured
at a depth of 40 to 70 nm, after removal of the con-
tamination layers by ion bombardment.

3.2. XPS analysis of the electronic structure
The instrument used was a Leybold LHS10 spectro-
meter described by Poloschegg [29] and Wechsung [30].
The spectra were recorded with an AlK« radiation and
with a constant spectrometer pass-energy (constant
interval of kinetic energy of collected electrons), equal
to 50eV. The energy scale was calibrated, and the work
function of the analyser was determined, by assessing
the measured binding energy of the lines Au4f7/2 and
Cu2p3/2, their now well accepted values being, respect-
ively, (8400 + 0.04)eV and (932.70 + 0.02)eV [31].
The energy resolution of all spectra can be estimated
as 0.4 to 0.5¢V on the basis of the measured FWHM
of the Au4f7/2 peak which was 1.2¢eV for a natural
width of 0.8eV.

The residual pressure in the target chamber was
always better than 2 x 10~°torr, and surfaces were
sputtered by Ar* ions of relatively low energy
(1500 ¢V) at an incidence angle of 45°. The mean range
of defects induced by Ar* ions at this energy is much
less than the thickness analysed by XPS (escape depth
of about 2nm for Ti2p, Nls and valence band elec-
trons with kinetic energies over 1000eV) and the
stoichiometry of the layers analysed does not seem
to have been altered too much by this cleaning pro-
cedure. Indeed, neither splitting of the core level
emissions into a nitride and a metal peak (as com-
monly observed in surfaces depleted in light carbon,
nitrogen or oxygen atoms by an ionic bombardment
[32], nor widening of the peaks was noticed. Here the
difference of binding energies between titanium and
TiN is three times the resolution of the spectrometer;
splitting of peaks separated by 0.5eV with other
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materials could easily be observed under the same
analytical conditions. Moreover, a linear relationship
was established between the intensity of the Nls
emission and the nitrogen content measured by RBS,
both for the whole range of concentration of implanted
films and for Ti, N and TiN PVD coatings also studied
(with deviations of less than A7 = 1% from the line
H(Dnn = Cn/(Cy)in)- The thickness of material
sputtered by Ar™ ions before analysis was estimated to
be 40nm, and concentrations of films analysed by
XPS are given in the third column of Table III.

Fig. 7 shows the Ti2pl/2 and Ti2p3/2 levels for
four concentrations of implanted films. Note that if
the surface was contaminated with oxygen, TiO, peaks
would appear at 459.0 and 464.8 eV (for Ti2p3/2 and
2pl1/2 levels, respectively). A continuous shift in
energy of each level with the nitrogen concentration is
observed, but without broadening due to the overlap
of emissions by two phases: half the FWHM of the
2p3/2 peak is in all cases 1.1 eV, which is less than the
difference of binding energy in titanium and TiN (see
Fig. 8). Similarly, no broadening is observed for the
N1s level (half FWHM 1.0eV) and the peak is sym-
metrical. However, the shift in energy of this peak is
less than the Ti2p one, and it corresponds to the shift
of the Fermi level, ¢p; the latter was located at half the
height of the Ti3d band (see Fig. 9). This lower shift can
be explained by the fact that nitrogen atoms have
in all cases titanium neighbours, and that the screen-
ing function of core levels is mainly affected by the
nearest neighbours. Note that a similar shift of ¢ has
been observed in CVD TiN coatings with increasing
stoichiometries [33].

The assessment of peaks in the valence band (Fig. 9)
was made on the basis of its previous analysis for
CVD TiN coatings or single crystals [33, 36] and APW
calculations [36, 37]. The interesting fact which can be
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Figure 7 X-ray photoelectron spectra of the Ti2p core level recorded
with an AlKo radiation on (a) unimplanted titanium, (b) Ti-10% N,
() Ti-33% N, (d) Ti-50% N. The dotted curves plotted on the (a)
spectrum show the procedure used for the background subtraction
and the decomposition of the Ti2p3/2 peak into a principal peak
and its satellite. Horizontal arrows show the FWHM of the Ti2p3/2
peak. (e) Nls core level recorded on Ti—50% N.

noted concerning the changes in the valence band with
the stoichiometry of films is that the overlap between
the Ti3d and N2p levels (o bonds between hybridized
orbitals 3d Eg and 2sp) is stronger than the overlap
between the Ti3d and N2s levels (z bonds); a total of

£
e¥)

3,

Ti2p™

o 10 20 30 40

Figure 8 Measured shift in energy of the Ti2p3/2, N 1s core levels
and of the Fermi level, ¢, as a function of the nitrogen concentration
measured by RBS, in implanted films (O) and in two &-Ti, N, §-TiN
PVD coatings (@). The size of squares corresponds to the uncertainty
in the binding energy and concentration. Arrows show the binding
energies measured by other authors on TiN CVD coatings and on
pure titanium (33, 34, 35).
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Figure 9 X-ray photoelectron spectra of the valence band recorded
for (a) unimplanted titanium, (b) Ti-10% N, (c), Ti-34% N, (d),
Ti-50% N, (e) subtraction of (a} from {d) showing evidence for the
contribution of N2s and N2p hybridized levels to the band. The

peak at 25eV is the Ti 3d emission excited by the unfiltered AlKa 3,4
satellite radiation.

one electron is transferred from each titanium to
nitrogen atoms in stoichiometric TiN. As the ratio
Cn/Cr increases, the intensity of the Ti3d band
decreases linearly, but the ratio of the intensities of
the N2s and N2p band does not remain constant. A
linear increase of this ratio due to the difference in the
overlap with Ti3d is observed, as noted previously for
CVD coatings (Fig. 10). Note that the decrease in the
intensity of Ti3d (despite its crude estimation) corre-
sponds to the loss of one 3d electron in the Ti-50% N
implanted film or in the TiN PVD coating studied, as
against two electrons in pure titanium. This linear
relationship also supports the uniqueness of the
structure.

intensity (a.u)

N2s/N2p
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Figure 10 Intensities of the Ti3d unbinding level, T, G, and of the
N 2s/N 2p ratio as a function of Cy (same comments as for Fig. 8).
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Figure 11 Some raw indentation loading (—) and unloading («)
curves with different maximum loads recorded on Ti-50% N.

4. Hardness measurements

More details on the technique and on limits to the
measurement of the intrinsic hardness of films thinner
than a micrometer can be found in Ross er al. [18] and
Pollock et al. [38]. The depth of indentation, z, by a
trigonal (very sharp cutting) diamond is continuously
recorded during loading and unloading. From a series
of recordings on each sample are derived:

1. The elastic recovery in the depth of the imprint,
z,, (the recovery in the diagonal is taken into account)
during unloading. Its relative amount, R = z/z, is
inversely proportional to E/H(1 — v*), where H is the
mean pressure of indentation (or hardness), v the
Poisson ratio and E is Youngs elastic modulus.

2. The hysteresis area, W, between loading and
unloading curves. If the indented solid is fully rigid
plastic and has a yield strength independent of depth,
the plot of W?* as a function of the load, F, is a
straight line, whose slope raised to the power —3,is a
plasticity index equal to 9KH (K is a geometrical
constant of the diamond).

3. The plastic indentation depth (or off-load depth),
z, = z(1 — R), which varies as the square root of the
load in the simple case mentioned above for W. The
slope, raised to the power —2, is another plasticity
index, I,, equal to KH.

Fig. 11 shows some of the raw curves for the film
implanted with 50% N, and Figs 12 and 13 the vari-
ations of z,, z, and W*’ with F, for the two highest
concentrations and for pure titanium. For other hard
implanted films on a soft substrate previously studied
with this technique {18], the elastic recovery exceeds
that of titanium even at loads for which the substrate
is penetrated: R is effectively constant (25 + 1%)
untilz, = 500 nm for 34 and 50% N instead of 5% for
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Figure 12 (——) W and (——-) z, as a function of load, F, for: (®)

unimplanted titanium, (<) titanium implanted with 34% N, (@)
titanium implanted with 50% N.
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Figure 13 Plastic indentation depth as a function of (F)'? for the
same films as in Fig. 12.

pure titanium (thus I,/R and hence E will vary as I,
over the whole implanted thickness). On the other
hand, the curves z, = f(F)"?and W** = f(F)exhibit
a change of slope for a load of about 7.3mN, corre-
sponding to a real penetration of implanted layers, z,,
of (350 + 20)nm, ~ 0.7 times the film thickness. Note
that a factor of 0.8 was also found in the case of Ni-B
implanted films on to nickel with comparable hard-
ness of films and substrate [18].

A faint shoulder is also observed in the W?? curve
of the Ti-50% N film at a load near 5.6mN (z, =
~240nm), which reflects that of the raw loading
curves.

For all the films studied, and even for pure titanium,
a change of slope is also observed on the W% and
z, curves at a critical load which depends on the
film hardness: 2.5mN for titanium and 1.25mN for
Ti-34% N or Ti-50% N. It is certainly due in part to
the work hardening by polishing before indentation
(especially for pure titanium and low nitrogen con-
tents), and in part to the contribution of the unavoid-
able contamination film to measurements at shallow
depths. In the case of the hardest films (for which
radiation damage and nitride hardening dominates
over work hardening) this change of slope occurs at
depths lower than 70 nm, as for hard NiB films: this
seems to be the minimum film thickness for which the
intrinsic hardness can be measured with our technique.

Note also that the plasticity index F/z} and F*/W?
measured on the part of the curves intrinsic to the TiN
films are always in the ratio (9 4 0.5), which fact
helps to confirm the validity of the results.

In order to analyse the influence of the nitrogen
implantation upon the matrix hardness independently
of the work hardening, the plasticity index, I, = F/z},
was normalized to the pure titanium value at each
depth. The corresponding increase in off-load hard-
ness is plotted as a function of the real penetration in
the implanted film, z,, in Fig. 14. The agreement
between the variations of hardness as a function of
depth and nominal nitrogen content, and the variations
of nitrogen concentration profiles or phase concen-
tration profiles is astonishingly good, as is discussed
below (despite the change in thickness of contami-
nation films, but the apparent hardening at depths
lower than 70 nm for all the films studied is perhaps
due to the finite radius of the curvature of the diamond
tip, and thus is corrected by our normalization).
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5. Discussion and conclusions

Let us first compare the absolute hardness of pure
titanium, measured by means of a Vickers test with
indentation depths between 1 and 10 um (well over the
work-hardened thickness), with that of implanted
films and of the TiN PVD coating studied, as deduced
from their plasticity index normalized to titanium.
The hardness of titanium being (2.5 + 0.1) GPa and
its plasticity index (20 + 1)GPa (at large depths
where it is not work hardened), the hardness of the
outer layer of 4-TiN formed on the Ti-50% N and
Ti—34% N implantation films is (17.5 + 1.5) GPa.
For the 4-TiN PVD coating a constant hardness of
(52.5 + 2.5 GPa was measured for indentation
depths of between 25 and 200nm, and a value of
(40 + 5) GPa for indentation depths of between 300
and 1000nm by means of a Vickers test (this is a
crude estimation because Vickers hardness tests were
performed on thicknesses for which the result must be
considered with caution, since the coating was only
5.7 um thick). Taking this into account, the two values
are in good agreement, but very much higher than
reported values of the hardness of bulk TiN (17 to
23 GPa according to the author) [10, 38, 39] or those
of various CVD coatings of §-TiN or &-Ti, N (ranging
between 12 and 27 GPa) [15]; but often the latter type
of measurement is made by means of a Vickers test on
thicknesses for which the substrate alters the result,
and a wide range of structures and crystallographic
textures is involved. The PVD coating studied here
had a columnar structure with a diameter of columns
of about 1 um and a marked fibre texture [111]. On
the other hand, implanted films are formed of sub-
microscopic grains with isotropic orientations. These
preliminary remarks illustrate the relativity of the
concept of hardness, which depends on the scale at
which it is measured with respect to the size of mobile
defects. Values of the Youngs modulus were also
derived from H/R, equal to 110 GPa for titanium,
65 GPa for the Ti-50% N film and 490 GPa for the
6-TiN coating; in the two first cases these values are
very close to those measured by tensile tests, namely
120 for titanium and 78 to 84 for TiN [39, 40].

The observed modifications of nitrogen profiles and
distribution of phases with the nitrogen content can
easily be understood in terms of enhanced diffusion of
nitrogen atoms by radiation damage at room tempera-
ture, already noticed by several authors for nitrogen in

titanium alloys or steels [9, 23, 24]. At low implanted
concentrations it contributes only to a widening of the
sum-profile, while at high implanted concentrations it
contributes to the growth and increase of stoichiometry
of the already formed precipitates which are sinks
for the nitrogen atoms (strain in the matrix is thus
reduced). The ions being successively implanted at
three energies, the nitrogen concentration profile
tends to peak at the mean range of ions for each
energy.

Now the differences in the nitrogen profiles and in
the order of formation of phases with respect to other
studies can be due to differences of sample heating. In
the present study, the phases appear in the order
of increasing nitrogen content in the diagram, as
generally is the case when they form and grow only
by radiation-enhanced diffusion of defects created
during the collision cascades [26]. On the other hand,
the formation of the §-TiN phase before &-Ti,N in
other studies on TA6V [4-9] seems to indicate a sub-
stantial heating of the target (the samples were often
thin films for electron microscopy and the dissipation
of energy in such cases is often difficult). Indeed the
most stable 6-TiN phase cannot form without dis-
placement of atoms on large distances. A difference in
depth distribution of nitrogen and a preferential
formation of 6-TiN was also observed by Keinonen in
a recent study [23]; but the implantation current was
ten times that used in the present experiments, and
complicated changes in the nitrogen distribution were
attributed to a blistering of nitrogen. The observation
in the present study of a maximum in the distribution
of the nitrides at an intermediate depth near 100 nm,
followed by their expansion towards the surface, is
consistent with the fact that nitrogen atoms will migrate
towards the surface only when the stoichiometry of
the formed nitride has attained its upper value at the
mean range of the ions.

Now as the concentration is varied, the changes in
the depth profile of hardness and in its maximum
value account for the expected effects of the creation
of damage (2% N), hardening by solute nitrogen
atoms in «-Ti (10% N), formation (20% N) then
expansion (26% N) of Ti,N, and finally formation
(34% N) then expansion (50% N) of TiN. Indeed the
hardness exhibits alternatively a maximum at a depth
near 100 nm (for 2%, 20%, 34% N) or near the surface
(for 10%, 26%, 50% N), corresponding to the distri-
butions of nitrogen and of the nitride phases in the
first 200 to 300 nm of the surface. The hardness level
off at depths of between 200 and 400 nm corresponds
rather to the more oblate peak of the nitrogen sum-
profile (at a depth near 290 nm for 2%, 10% N) or of
the deeper elemental profile (at a depth near 400 nm
for 20% to 50% N); the phases observed at these
depths are also a mixture of nitrides and «-Ti. Note
also that the hardness measured for Ti-34% N and
Ti-50% N in the same range of depths, where inverse
gradients of the §-TiN and &-Ti,N concentrations
were revealed by X-ray diffraction experiments, is
close to the hardness of the pure Ti, N film formed for
lower nitrogen concentrations.

In conclusion, the present study shows the interest
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of combining several analyses of the composition and
structure, in order to elucidate the intricate effects of
changes in concentration and diffusion enhanced by
radiation damages on the crystallographic nature and
hardness of phases formed in implanted films. The
results will allow us to obtain more homogeneous films
in further experiments by rectifying the implantation
energies and increasing their number. Such films and
those of Ti—-O—C-N will be characterized in the same
way, and then submitted to friction tests. Preliminary
experiments of dry friction against steel, and SIMS
analysis of the wear tracks, have shown that both the
friction and wear resistance are improved by nitrogen
implantation [41]. However, for nitrogen concen-
trations higher than 10%, the nitrides formed are
finally pulled away during seizure events; the surface
then suffers a more severe oxidizing wear.
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