JOURNAL OF MATERIALS SCIENCE35(2000)1707—-1714

Characterization of plasma nitrided pure titanium
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To date, the exact nature of the plasma nitriding mechanism and the role of energetic
particle bombardment are not well understood. The purpose of this work has been to
obtain a more detailed knowledge about the evolution of the plasma nitrided surface layer
as a function of the energy of the bombarding particles. Nitrided layers were produced

at the surface of pure titanium specimens at various flux energies by Intensified
Plasma-Assisted Processing (IPAP), a triode plasma technique developed in our laboratory.
X-ray Absorption Near Edge Structure (XANES) spectroscopy and Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopy were used to characterize the local
structure of the titanium nitride layers. Cross sections of the processed specimens were
studied by Auger electron spectroscopy and electron microscopy. The results showed that
increasing flux energy promotes the formation of a well-ordered TiN layer at the surface.
Low flux energies produce significantly lower fractions of the TiN phase at the surface, as
well as thinner nitrided layers. A structural model was suggested and quantitatively tested
based on the XANES and EXAFS measurements. © 2000 Kluwer Academic Publishers

1. Introduction that provided a wide variation in average flux energy
Intensified Plasma-Assisted Processing, IPAP, is atechin order to investigate the role of the energetic parti-
nique recently developed in our laboratory [1-5]. Thecle bombardment on the nitriding process. Following
process utilizes a triode configuration to produce arthat, the nitrided surfaces were characterized by X-ray
intensified glow discharge, which produces a highlyAbsorption Spectroscopy (XAS) in both the XANES
energetic particle flux at relatively low pressures and(X-ray Absorption Near Edge Structure) and EXAFS
temperatures, with the current density controlled in-(Extended X-ray Absorption Fine Structure) regions to
dependently of other process parameters, such as biasovide information about the local structure around ti-
voltage and pressure. This technique can be used for tHenium atoms in the surface layer. The cross-sections
synthesis of a large number of compounds and diffusiomf the modified surface layers were studied by Auger
layers. Most of our recent work has been concentratedpectroscopy to obtain nitrogen concentration profiles
on nitriding, where significantly higher effective nitro- and by electron microscopy for fracture analysis of the
gen diffusivities were observed compared to the lowprocessed samples.
energy diode method. Similar effects have been pre-
viously observed during low-energy ion beam process2. Experimental
ing [6]. While itis recognized that the energetic particle 2.1. Specimen preparation by energetic
(ions and neutrals) bombardment and the nature of the  particle bombardment
layer established at the surface are of utmost imporkn this study, two groups of commercially pure titanium
tance to the nitriding process, very little information is specimens were nitrided under different conditions in
currently available on these issues. order to investigate the effect of energetic flux on the
Inthis work, the structure of the outer layer formed by nitriding process. All specimens were polished with
plasma nitriding has been analyzed, in order to improvel ©m alumina powder as the final step, ultrasonically
our understanding of the nature of the nitriding mecha<leaned in methanol, and dried in air prior to surface
nism and the role of the energetic particle bombardmentreatment.
in intensified glow discharge nitriding. Several speci- The first group included five Ti specimens that were
mens were nitrided at different processing conditiongrocessed with an intensified glow discharge, i.e. using
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TABLE | Plasma nitriding parameters, calculated energies and doses

Current lon Neutral Total

Pressure, density, (=8 EZ dosé dosé dosé

Sample Pa mA/cf L/A eV eV x 1079 x 1079 x 1070
11 6.65 0.5 5.25 616 263 0.3 1.8 21
12 6.65 1.0 3.72 793 325 0.7 25 3.2
13 6.65 15 3.04 905 361 1.0 3.1 4.1
14 6.65 25 2.35 1045 406 1.7 3.9 5.6
15 6.65 3.0 2.16 1077 428 2.0 4.3 6.3
D1 22.61 0.5 17.90 211 100 0.3 6.0 6.3
D2 38.57 1.0 21.60 177 84 0.7 14.6 15.3
D3 49.21 15 22.50 170 81 1.0 22.7 23.7

aparticles/cri

IPAP nitriding. These were prepared at cathode cur“clean” surface, without adsorbed atoms and molecules
rent densities ranging from=0.5mA/cn?tois=3.0  of O, C, N, etc. The e-beam scanning system and ap-
mA/cn?, at a pressurg =6.65 Pa (50 mTorr) and propriate detectors used with the system allow sur-
bias voltageV; = 2000 V. The second group included face imaging with Auger and secondary electrons
three specimens that were nitrided at lower plasma enwith 250 A resolution. In the Auger-electron mi-
ergy conditions, using the IPAP system in the diodecroscopy mode, the characterized area is belgwrl
mode. This group was processed at the same bias volia diameter at a primary beam current of $0A—
age as the previous specimens, with the cathode cut-0~7 A and bias voltage 10 kV.
rent density controlled betweég= 0.5 mA/cn? and Sputtering of the characterized surfaces with an ion
is= 1.5 mA/cn? by adjusting the chamber pressure.gun was used for depth profile analysis of the samples.
A processing time of three hours was used for allAn Ar™ beam with an energy of 3 keV was focused on
samples. the specimen to produce a spot size of about 2 mm for
The processing parameters for both groups of specisputtering.
mens are summarized in Table I. The sample numbers XAFS spectra at the K edge of titanium (4966 eV)
begin with “I” (intensified) for the samples prepared were recorded at the Center for Advanced Microstruc-
with the triode discharge and “D” for the samples pre-tures and Devices (CAMD), Louisiana State University.
pared with the diode discharge. This choice of processbata were collected using bending, magnet radiation
ing parameters resulted in a wide range of values fo(E, = 2.6 keV) at the DCM1 beamline where the X-
the average ionE?) and neutral E3) energies. These ray beam was monochromatized with a fixed exit dou-
energies were calculated following the procedure outble crystal monochromator operating with Si(111) or
lined in a previous publication [5]. It is worth noting Ge(220) crystals. The incident monochromatic X-ray
that the energies are mainly a function of théx ra-  intensity (o) was monitored with an ionization cham-
tio whereL is the dark space length andthe mean  ber filled with one atmosphere of air and XAFS spectra
free path for charge exchange collisions. Low values ofvere recorded in total electron yield (TEY) mode, with
L/ pertain in intensified dischargé (A < 10) result-  one atmosphere of helium in the detector chamber [7].
ing in higher flux energies compared to the diode proEXAFS spectra were recorded over an energy range
cess (/A > 10). Also, it should be noted that current of 4800-5970 eV with 1 eV steps; XANES spectra
densities for the diode treatments were not increasedere recorded from 4910-5400 eV with 0.2 eV steps
beyond 1.5 mA cm? since higher flux energies can in the near edge region. The TEY ahgdetector sig-
not be achieved. Higher current densities for the diodeéals were divided (TEV$) to yield the raw spectral
treatment can be obtained only by increasing the sysdata.
tem pressure, but this results in lower particle energies, XANES data were fitted with a linear pre-edge
Table I. for background removal and normalized to the 5300—
5400 eV post-edge regions of the spectra. The pure Ti
metal and TiN standard spectra were used to model the
2.2. Analysis of surface layers experimental sample spectra by linear combination us-
Concentration profiles of chemical elements presening the WinXAS software package [8]. The XANES
in the nitrided layer and fracture characteristics werefitting was performed over the region 4950-5000 eV.
studied using a JAMP-10 S (JEOL-JAPAN) Auger The EXAFS spectra were extracted and analyzed utiliz-
spectrometer. The spectrometer was modified to aling the UWXAFS software package [9]. Background
low fracturing of specimens under vacuum. Nitridedremoval and normalization were performed using the
specimens were sectioned from the side opposite thAaUTOBK routine in the UWXAFS packageEg was
nitrided surface leaving only a thin material layer set at the first inflection point of the Ti metal spectrum,
that was subsequently fractured in the chamber. Fracand the extracted EXAFS signal was Fourier trans-
ture surfaces were then studied with electron Mmiformed over the region of 2.1 to 11 A-1 using
croscopy. Fracturing the samples in the work cham-a Hanning window function. For detailed analysis, the
ber at very low pressure (5 108 Pa) provides a fractional contribution of Ti metal (as determined by the
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linear combination XANES analysis) was subtracted3. Results and discussion

from the extracted EXAFS signal, and the spectrum3.1. AES and SEM surface analysis

was re-normalized and Fourier transformed as abovelhe nitrided specimens fractured in the working cham-
Refined structural parameters were obtained from nonber exhibited, in general, two modes of fracture. A
linear least square fitting in R-space over a range ofmainly ductile transgranular fracture typical for tita-
1.2 A to 3 A, encompassing the first two peaks rep-nium was observed for the entire specimen fracture sur-
resenting Ti..N and Ti..Ti, in the single scattering face except for the IPAP treated specimens. The latter
approximation. Theoretical phase and amplitude funcspecimens exhibited a brittle surface layer, evidenced
tions for TiN were calculated using FEFF6, a com-by the multiple cracking present at the surface region,
puter program foab initio calculation of EXAFS and that was not present in the diode treated specimens,
XANES spectra using multiple-scattering theory [10]. Fig. 1. The latter fracture surface was characterized
The amplitude reduction fact& was determined by by ductile, dimpled morphology similar to that in the
fitting the EXAFS data of the TiN powder standard, bulk. This brittle layer, seen in the top part of Fig. 1a,
yielding a value of 0.634. very likely includes both TiN and IN layers that are
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Figure 1 Scanning electron micrograph of fracture surface of plasma nitrided specimen (a) IPAP 1%ahitifp) diode 1 mA/crh
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expected to form during IPAP nitriding of Ti [3]. The ples of the second group, processed by diode plasma ni-
layer thickness was estimated to be approximatelyriding, exhibit relatively smooth surfaces without sig-
3-5um. It should be noted that no brittle layer could be nificant traces of sputtering as a result of the lower en-
detected in the specimens of the second group, Fig. 1lergy bombardment pertaining in this process, Fig. 2c.
eitherbecause itwas not presentor was very thin. Ascan The composition depth profiles of the processed
be expected, IPAP samples show effects of plasma etclspecimens were measured by AES. Relative inten-
ing, which become more pronounced as the bombardsities were determined from peak-to-peak heights
ing particle energies are increased, Figs 2a and b. Samand elemental concentrations were calculated from

Figure 2 Scanning electron micrograph of nitrided surfaces of specimens treated with (a) IPAP 1 fnfgmPAP 2.5 mA/crd, and (c) diode 1
mA/c?.
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Figure 3 Nitrogen concentration profiles measured by AES. 08
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these intensities by using the appropriate sensitivity b
factors. Fig. 3 shows nitrogen concentration profiles 04
for two IPAP samples prepared with current densities g2 [
of 1 mA/cn? and 2.5 mA/cri and one convention- 00 Ti
ally processed sample prepared at 1 mA/cAs can “C ! ) ) ) L
be seen from Fig. 3, the nitrogen content at the sur- 4900 4950 5000 5050 5100 5150 5200

face is approximately 50 at.% for all samples. For the
sample prepared with the diode nitriding process, the
nitrided layer is very thin€£€500 nm), with the nitrogen  Figure 4 Normalized XAS of IPAP samples.
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yond the measured range800 nm), in spite of the fact
that the dose for these samples was considerably lowe
compared to that of the diode treatment, Table I. Also,
in view of the calculated energies, Table I, the AES
results suggest an energy dependence of the nitridin
depth.

3.2. EXAFS Ll>-J
Fig. 4 shows normalized spectra of the XANES region
and part of the EXAFS region for Ti metal, TiN powder, g
and IPAP samples 11, 13, and I5. This shows clearly theN
overall trend observed for these samples. Sample I:g
(low current density, low energy) produced a spectrumgg
which is very similar to that of Ti metal (both in the =2
near edge structure and in the EXAFS region); sam-
ple 15 (high current density, high energy) produced a
spectrum which matches well with that of TiN; the in-
termediate samples appear to be a mixture, with the :
fraction of TiN signal increasing with the current den- “T T
sity. In Fig. 5, a similar comparison is made for the o0 |
diode glow discharge samples. In this case a point i¢
never reached at which the spectrum closely resemble
that of TiN.

Fig. 6 concentrates onthe XANES region of the spec-
trum for the same IPAP samples that are shown in Fig. 4719ure 5 Normalized XAS of diode samples.
The Ti metal spectrum exhibits a sharp pre-edge feature
at 4966 eV (generally attributed to a transition toca 3
state with strongp hybridization [11]). This pre-edge be followed, with the intensity of the Ti metal pre-edge
feature does not appear in the TiN spectrum, which ideature decreasing and the intensity of the TiN white
characterized by a strong “white” line at 4984 eV. Also, line increasing as current density increases. It is, there-
the absorption edge for TiN is shifted to a higher energyfore, reasonable to attempt to model these spectra as
relative to Ti metal, consistent with the difference in Ti two-phase mixtures of Ti and TiN. The XANES spec-
oxidation state between Ti metal fyiand TiN (TP+).  tra for the samples nitrided with the conventional diode
In the IPAP samples the trend from a Ti metal-like to asystem are presented in Fig. 7. Again, a trend can be
TiN-like spectrum as a function of current density canobserved with the Ti pre-edge feature decreasing and
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Figure 6 XANES of IPAP samples.
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Figure 7 XANES of diode samples.
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TABLE Il TiN fraction obtained by XANES linear combination
fitting

Current
density, X2
Sample mA/crh %Ti %TiN r-factor x10°
11 0.5 74.7 25.3 1.0 0.63
12 1.0 56.3 43.77 1.15 9.47
13 1.5 47.8 52.2 1.27 3.9
14 2.5 21.7 78.3 0.51 0.10
15 3.0 18.1 81.8 0.52 0.099
D1 0.5 86.6 13.55 1.0 5.0
D2 1.0 77.5 22.5 0.8 1.6
D3 1.5 56.2 43.8 1.1 3.3
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Figure 8 Phase fractions based on XANES fits.

phase fractions. Linear combination XANES fits were
performed on the spectra over the region 4950-5000 eV
that covers the Ti metal pre-edge feature and the TiN
white line. The results are presented in Table Il and plot-
ted in Fig. 8. For the high energy IPAP samples (14 and
I5), very good fits were obtained, with the system con-
sisting mainly of TiN. Since the two-component model
gave good fits to the data, it is taken as a valid model for
the surface structure of these samples. For the lower en-
ergy IPAP samples and for the diode samples, less TiN
was found in the fits, and the residuals and quality of
fit factors were not as good. This could be due to the
presence of another phaseN) or distortion of the
a-Ti XANES due to high amounts of interstitial nitro-
gen. In any case, the fits are a measure of the decrease
in the Ti metal pre-edge feature and the corresponding
growth of the TiN white line and therefore serve as a
good indicator of the overall amount of nitriding.

It should be noted that the amount of nitrogen de-
termined by AES at the surface region is significantly
higher than that present in the TiN phase as determined

the white line increasing with current density. Least-by XANES spectroscopy. This is more than likely due
squares fitting of the XANES spectra as a linear com+o the fact that AES cannot distinguish between nitro-
bination of the spectra of the component phases Ti anden bonded to Ti and nitrogen in interstitial positions
TiN was used to gain quantitative information of the or at grain boundaries.
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Figure 9 EXAFS-FT of IPAP samples. Figure 10 EXAFS-FT of diode samples.

EXAFS Fourier transforms of Ti metal, TiN, and the the Ti metal contributions determined by the XANES
11,13, and 15 IPAP samples are shown in Fig. 9. The TiNanalysis (Table II) from the extracted EXAFS signal.
powder and the I5 IPAP nitrided sample transforms aré~or example, the XANES analysis of the 3.0 mAfcm
very similar, exhibiting peaks at1.75A and~2.70A  IPAP sample (I5) indicated the sample to be 18% Ti
(the Fourier transforms are not phase corrected), whicimetal and 82% TiN. The extracted EXAFS signal for
can be assigned to,Ti.N and Ti, .Ti nearest neighbor the Ti metal standard was therefore multiplied by 0.18,
interactions at 1. 9@\ and 2.99A respectively. Also, andthe resultwas subtracted from the extracted EXAFS
the 3.5A t0 6.0A regions of these transforms are very signal for the sample. The resultant EXAFS spectrum
similar indicating that the longer distance interactionswas normalized (multiplied by 1/0.82). EXAFS Fourier
may be equivalent. The 1.5 mA/émand 0.5 mA/crd  transforms of the Ti metal subtracted sample spectra
IPAP nitrided sample Fourier transforms also exhibitare shown in Fig. 11, along with Fourier transforms
peaks at-1. 75A and~2.70A. A clear trend can be of TiN and Ti metal. The TiN and I5 Fourier trans-
observed, with the amplitude of the peak-at. 75A  forms are virtually identical, and the 13 IPAP sample
(representing the Ti.N interaction) gradually increas- Fourier transform is very similar. Fitting of the first
ing with current density. The peaka.70A remains  two shells using FEFF phase and amplitude functions
at full amplitude throughout the series of samples, and
can be modeled by a Ti.Ti interaction with a coordi-
nation number of 12, which would be observed in both
the Ti metal and TiN structures. The 35to 6.0A re-
gions in the 1.5 and 0.5 mA/GPAP samples (11 and
I3) do not show an obvious match to either Ti metal or
TiN, indicating a mixed or intermediate structure. From
these transforms, as from the XANES spectra, the mai
observation is that the surface structure becomes moi
like that of pure TiN with increasing current density
(which corresponds to an increase in particle energy)__
The Fourier transforms for the conventional samples=
are presented in Fig. 10. A similar increase in nearest
neighbor nitrogen is observed with increasing curren
density, but the nitrogen interaction peak does not ap
proach the intensity observed in TiN.

A detailed analysis of the EXAFS data could be per-
formed to extract structural parameters for the near
est neighbor distances, coordination numbers, Debye
Waller factors, etc. However, since the XANES spectre . — ,
indicate the presence of a multiphase system, paran o 2 4 6 8 10
eters extracted from the averaged signal would be ¢ r (A)
limited value. Instead, EXAFS analysis was used to
test the two-phase model. This was done by subtractinggure 11 EXAFS-FT after subtracting Ti metal.
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TABLE Ill Coordination numbers and distances obtained from gmount (phase fraction) of TiN increasing with current
EXAFS fitting. [A Eg ando’s for all samples obtained from TiN powder density. This effect cannot be achieved at lower particle
le:.ori-n =0.0027,87i-17 = 0.0050; AETi.n =35 eV, AETi1i = : ., . . . s
sampeoTi-n . TN =29 GV AETT energies utilized in the diode glow discharge nitriding.

-0.88 eV]

Current .

density 4. Conclusions
Sample mA/crf ny r(A) nri r(A) The presentresults showed that higher bombarding par-
N 05 ticle energies during plasma nitriding promote the for-
2 10 627411 21040004 13.9-10 2.976:0.004 Mation of a continuous TiN surface layer. In spite of

13 15  6.39:10 2.099:0.004 13109 2.968:0004 the significantly higher dose pertaining in the diode

14 25 5.4+1.0 2.105:0.005 10.7:0.9 2.978:0.005 process, low energy bombardment produces a small
15 3.0 5.8+0.5 2.115:0.002 11.8:0.4 2.992:0.002  amount of the TiN phase in the near surface region.
Based on EXAFS and XANES results a two-phase

model for the outer layer was proposed and quantita-
I5ive|y tested. The model was found to be in good agree-

ent with the experimental data especially for speci-
mens treated at high bombarding particle energies.

was performed as described above. For the 15 IPA
sample, a good fit was obtained with parameter value
very close to those of the TiN standard. Thevalues

obtained for the TiN powder were used in the fits and
it was not necessary to vary them to achieve an accepjcknowledgements

(N) are in good agreement with those of stoichiometGrant Number: DAAG55-98-1-0279), the Louisiana
ric TiN, and so are the fit-determined distanc.(  Board of Regents and CAMD.
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