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A systematic investigation was undertaken on commercially pure titanium submitted to plasma
nitriding. Thirteen different sets of operational parameters (nitriding time, sample temperature
and plasma atmosphere) were used. Surface analyses were performed using X-ray diffraction,
nuclear reaction and scanning electron microscopy. Wear tests were done with stainless steel Gracey
scaler, sonic apparatus and pin-on-disc machine. The obtained results indicate that the tribological
performance can be improved for samples treated with the following conditions: nitriding time of
3 h; plasma atmosphere consisting of 80%N

2
+20%H

2
 or 20%N

2
+80%H

2
; sample temperature dur-

ing nitriding of 600 or 800 °C.
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1. Introduction

The biocompatibility and good corrosion resistance of
commercially pure titanium (c.p. Ti) has motivated its use
in medical procedures. The osseointegrated titanium im-
plants are reliable alternatives for safety and long time treat-
ment, representing advancement in the clinical practice
mostly in dental prosthetic1-4. However, occasionally the use
of c.p. Ti as implant is problematic as long as it presents
low wear resistance5,6.

A crucial issue concerning the removal of the bacterial
plaque from the transmucous dental implant cylinders is
the possibility of damage by the routine instruments, such
as stainless steel Gracey scaler, sonic and ultrasonic appa-
ratus7-10. Such an obstacle has been bypassed using mild
instrumental, but the results are not satisfactory. An obvi-
ous alternative would be the surface modification of the
transmucous cylinders to provide better wear resistance. In
fact, this has been the subject of several investigations in
clinical dentistry4. Among the surface treatment techniques,
the most reported are: plasma assisted chemical vapor depo-
sition5, conventional ion implantation15-19, plasma source
nitrogen ion implantation20, conventional nitriding21, con-

ventional plasma nitriding22,23, intensified plasma ion
nitriding24, physical and chemical vapor deposition TiN
films25-28, powder immersion reaction assisted coating
method29, laser heating30,31 as well as combined tech-
niques32,33. Improvement on the mechanical and tribological
properties of c.p. Ti and its alloys have been reported11-14.

Aiming the use in clinical procedures, we have started a
systematic study on surface treatment of c.p. Ti. Thin film
deposition, ion implantation and plasma nitriding are avail-
able at our laboratories. We intend to investigate all these
processes, but due to recent technological interest we firstly
decided to approach the plasma nitriding technique, whose
results will be discussed in this paper.

2. Experimental

2.1 Sample preparation

Samples from the same ingot of commercially pure Ti
(Atomergic Chemetals) were ground flat and mechanically
polished to a 0.5 µm diamond finish and nitrided in con-
ventional d.c. plasma-nitriding equipment similar to those
previously described34,35. Preceding nitriding the specimens
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were ultrasonically cleaned in acetone and dried in air.
Nitriding processing followed the same procedures:
(i) cleaning of the treatment chamber through a four-step
filling-evacuation process with nitrogen; (ii) voltage in the
range from 370 to 700 V and current density from 2.5 to
5.0 mA/cm2 were adjusted to maintain the cathode tempera-
ture between 400 and 800 °C; (iii) after treatment the sam-
ples were cooled in the treatment chamber with a nitrogen
atmosphere.

As previously reported for Ti-6Al-4V alloy, the total
pressure has a quite little effect on the surface composition
of the nitrided samples36. Therefore, this parameter was al-
lowed to vary between 0.5 and 7.5 × 10-2 Pa. Three differ-
ent plasma compositions (nitriding atmosphere) were used
(80%N

2
-20%H

2
, 60%N

2
-40%H

2
, 20%N

2
-80%H

2
). The time

treatment varied between 3 and 9 h. For each operational
condition, two samples were prepared in the same batch.

2.2 Sample characterization

X-ray diffraction (XRD) measurements, in θ-2θ geom-
etry (Bragg-Brentano goniometer) were carried out in a Sie-
mens diffractometer with monochromated Co Kα radiation
(λ1 = 1.78896 Å and λ2 = 1.79285 Å). All the patterns were
obtained in the 2θ range between 20° and 110°, with scan
step of 0.05° 2θ with a counting time of 2 s. The profile
parameters were obtained using Rietveld refinement with
the program FullProf37,38. Starting lattice parameters were
taken from JCPDS39 files 44-1294 (for α-Ti), 41-1352 (for
TiNx) and 38-1420 (for TiN).

Scanning electron microscopy (SEM) micrographs were
obtained using Phillips XL 20 microscope equipped with
energy-dispersive X-ray spectrometer (EDX). Nitrogen
depth profiles were obtained from 14N(p,γ)15O nuclear re-
action (RNA) using the 400 kV ion implanter at the Insti-
tute of Physics - UFRGS, with protons accelerated to
278 keV. The N concentration (in at.%) is given by

sam

cal
sam

cal S

S
C

C
N

57=

where, Ccal and Scal are the count and the stopping power for
the calibration (Si3N4), while Csam and Ssam stand for the same
parameters for the sample40. Surface roughness measure-
ments were made using a Talysurf 5M (Ranck Taylor
Hobson) profilometer on all the samples, except for those
submitted to pin-on-disc tests. Typical errors are ±10%.

2.3 Tribological experiments

To simulate clinical procedures, wear tests were per-
formed with stainless steel Gracey scaler (SS White Duflex
G11-G12) and sonic apparatus (Sonicborden 2000 N, Kavo)

with universal tip #5. Both are commercial equipments used
in the clinical routine. Each sample (20 × 10 × 1 mm) was
demarcated in three regions. The central one was kept in-
tact for control while the others were submitted to the tests.
Two hundred unidirectional strokes were done with the
Gracey scaler. The tests with the sonic apparatus were per-
formed with bidirectional motion during 60 s, under unin-
terrupted water and air sprays. All the tests were performed
manually by a single person, which was well trained to be
reproductive.

The generic denomination “pin-on-disc” (POD) test is
used for tests where a disc rotate under a pin that can have
various formats (ASTM standard41). Although the use of
ball instead of pin is increasing, the POD denomination
continue to be used. The POD tests were performed in a
tribometer (TE79 Plint &Partners) using AISI 52100 balls
of 6 mm in diameter. The experiments were done during
600 s in air without lubrication, at ≅ 27 °C and relative hu-
midity between 50% and 60%. A normal load of 4 N was
applied on a rotating disk with 120 RPM and 3 mm of ra-
dius.

3. Results

Firstly, all the samples were submitted to tests with the
sonic apparatus. Excepting for samples treated with 600 °C,
80%N

2
-20%H

2
, 3 h, 2 × 10-2 Pa and 800 °C, 20%N

2
-80%H

2
,

3 h, 2 × 10-2 Pa, all the others, including the c.p. Ti one,
have shown severe damages after the test. Besides good wear
performance, the sample treated at 600 °C shows colora-
tion similar to that of the as-received one. Therefore, con-
cerning clinical application this is the best condition. Sev-
eral samples were prepared with the same operational pa-
rameters, but in different batches to evaluate the process
reproducibility. The obtained result is quite favorable. In
the following, the treated sample means that one nitrided at
600 °C.

SEM photomicrographs for c.p. Ti and nitrided sample
are shown in Figs. 1a and 1b respectively. Surface rough-
ness measurements indicated that the treatment increases
the roughness parameter R

a
 (mean arithmetic deviation from

the median line of the surface profile) from 0.076 µm (as-
polished surface) to about 0.134 µm. Similar increasing on
R

a
 has been early reported for c.p. Ti submitted to intensi-

fied plasma ion nitriding42. Figures 2a and 2b show SEM
photomicrographs, respectively for c.p. Ti and nitrided sam-
ple submitted to test with the sonic apparatus. The areas in
both figures are within the scratch of the tool. As can be
seen the test with the sonic apparatus produced roughening
of the surface and material loss on c.p. Ti (R

a
 0.122 µm).

Contrary, no macroscopic signal of damage was observed
on the nitrided sample, only a subtle increasing of the bright-
ness, which can be due to surface depressions observed
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Figure 1. SEM photomicrographs under 450× magnification of (a) c.p. Ti; (b) nitrided sample.

Figure 2. SEM photomicrographs under 450× magnification after test with sonic apparatus in (a) c.p. Ti; (b) nitrided sample.

Figure 3. SEM photomicrographs under 250× magnification after test with Gracey scaler in (a) c.p. Ti; (b) nitrided sample.
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under 450× SEM magnification (Fig. 2b).The R
a
 parameter

was 0.141 µm in this surface. Patches and abrasions on the
photomicrography shown in Fig. 3a indicate that c.p. Ti
sample was strongly damaged after test with the Gracey
scaler (R

a
≅ 0.143 µm), while the nitrided sample (Fig. 3b)

appeared smoother after this test (0.098 µm). That is to say,
while the as-nitrided sample exhibited R

a 
≅ 0.134 µm, the

nitrided sample submitted to Gracey scaler test exhibited
Ra ≅ 0.098.

Figure 4a shows the photomicrography of c.p. Ti sub-
mitted to POD test. The wear track (≅ 0.7 mm) exhibits many
grooves typical of abrasive wear. For the nitrided sample,
the ball track exhibited a brightness which can be attributed
to surface dent. No signal of scratch was observed on this
sample (see Fig. 4b). Nevertheless, as illustrated in Fig. 5, a
250× magnification photomicrography exhibited adhered
material (see the inset in Fig. 5). Energy-dispersive X-ray
spectrometry (EDS) performed on these wear particles
showed the presence of iron and oxygen, suggesting they
are from the steel ball.

The coefficient of friction (µ) as a function of the slid-
ing time for the control and nitrided samples are shown in
Fig. 6. The features are typical. After an initial period of
about 200 s (400 revolutions) for the control sample and
about 300 s for the nitrided sample (batch #1), the coeffi-
cient of friction increases from ≅ 0.35 to ≅ 0.50 and from
≅ 0.10 to ≅ 0.50, respectively. Such a behavior can be at-
tributed to two effects, which play in a synergetic way. From
one side, the consummation of the protective layer leaves
the surface more weak against wear. On the other hand, the
debris so produced increase the coefficient of friction. Thus,
for c.p. Ti, the native oxide layer is supposedly protective
against mild wear test, while for the nitrided sample the
surface layer can tolerate more severe tests. In this sense, it
is interesting to point out other differences among the re-

Figure 5. SEM photomicrographs under 70× magnification after
POD test in a nitrided sample. The circle in the inset shows where
EDS was performed.

Figure 4. SEM photomicrographs under 70× magnification after POD test in (a) c.p. Ti; (b) nitrided sample.

Figure 6. Coefficient of friction as a function of the sliding time
for the control and nitrided samples.
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sults obtained for these samples. Firstly, the initial value of
µ for the nitrided sample is about 3 times smaller than for
c.p. Ti. Second, the features exhibited by the nitrided sam-
ple suggest that the wear is of the abrasive type, as this pat-
tern is typical of wear particles at the sliding interface42,43.
To properly discuss such a process it is interesting to have
some insight on the physicochemical state of the sliding
surfaces. As discussed below, we approached this point per-
forming XRD and NRA measurements.

Figure 7 displays significant parts of the XRD patterns
for the control and nitrided sample batch #1 (all batches
gave quite similar patterns). The patterns were fitted by
means of a Rietveld procedure, whose results are summa-
rized in Table 1. The main contribution in each one of the
spectra is due to α-Ti, whereas the minor ones are due to
different titanium nitrides and Ti(N) solid solutions. The
nitrided sample exhibited cubic phase TiN in addition to
hexagonal phases α-Ti and α-TiN

x
44. The α-Ti phase is

present with three different cell-parameter values, which
we named α-Ti(1), α-Ti(2) and α-Ti(3). These phases can
be attributed to different N-saturated á-phases or to sub-
stoichiometric phases similar to α-TiN

0.25
18, α-TiN

0.26

(JCPDS file 44-1095) or α-TiN
0.30

 (JCPDS file 41-1352).
To better understand such a result we have performed

NRA to access the near-surface nitrogen concentration. As
shown in Fig. 8, between 50 nm and 250 nm the N concen-
tration is higher than 25 at.%. Between 250 nm and 400 nm
the concentration is between 25 at.% and 15 at.%. The near-
surface layer could provides precipitation of δ-TiN, while
the deeper one would be consistent with ε-Ti

2
N precipita-

tion19,42,45. The lack of reflections attributed to ε-Ti
2
N in

Figure 7. Rietveld analysis (solid line) of XRD patterns (experi-
mental points) for c.p. Ti and nitrided sample. The a-Ti, a-TiN

x

reflections are indicated by vertical bars. Those for TiN and indi-
cated by triangles.

Table 1. Cell-unit parameters and agreement factor R
B
 for sample nitrided at different batches. Numbers in brackets designate ±1 s on the

last decimal given.

RB = 100 Σ | Ik (obs) - Ik (calc) | / Σ Ik (obs)

Phase a (Å) R
B
 (%) a (Å) R

B
 (%) a (Å) R

B
 (%)

c (Å) c (Å) c (Å)

α-Ti (1) 2.959(8) 1.16 2.958(5) 1.31 2.960(3) 1.34
4.731(7) 4.728(6) 4.726(5)

α-Ti (2) 2.950(7) 2.46 2.952(0) 1.74 2.951(8) 1.98
4.687(8) 4.688(5) 4.687(9)

α-Ti (3) 2.953(3) 1.04 2.954(5) 1.06 2.954(6) 0.928
4.709(1) 4.722(3) 4.708(0)

TiN 4.24(4) 4.06 4.24(7) 5.25 4.24(2) 3.67
4.24(4) 4.24(7) 4.24(2)

TiN
x

2.984(0) 3.30 2.982(7) 1.61 2.983(9) 2.62
4.95(7) 4.97(9) 4.96(0)

Batch 1 Batch 2 Batch 3

k k
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Fig. 7 is probably because its layer thickness is below the
detection limit for Co Kα radiation.

4. Discussion

The test with the sonic apparatus produced on c.p. Ti an
effect similar to those observed after tests with Implacare
scaler and Cavitron7,10. As shown in Fig. 2a, roughening of
the surface and material loss are evident. In this sense, a
meaningful difference is observed when compared to the
results obtained for the nitrided sample, which does not show
any apparent surface damage, even at microscopic level
(Fig. 2b). Taking into account data from Brookshire et al.46,
the present tests are comparable to several years of implant
maintenance. The different α-Ti phases detected with XRD
analysis can be attributed to nitrogen, as well as to oxygen
present in interstitial sites. In fact, the presence of oxide in
this material is well known and has been reported by
Brånemark et al.2.

Now, let us discuss the correlation between near-sur-
face composition and tribological behavior. During the first
step of the sliding experiment (up to ≅ 300 s for the nitrided
sample), surface oxidation is promoted by the increasing of
the temperature in the contact zone. As α-TiNδ reacts
strongly with oxygen19, a oxynitride layer quickly growth
with the sliding time, resulting in a low friction coefficient.
When this layer reaches a critical thickness it will peel off,
producing debris and increasing the friction coefficient.

5. Summary and Conclusion

Near-surface composition and tribological behavior of
plasma nitrided c.p. Ti have been investigated using X-ray
diffraction, nuclear reaction analysis, scanning electron
microscopy, profilometry, wear tests with stainless steel

Figure 8. Near-surface nitrogen concentration as a function of the
depth for nitrided sample. The solid line is a guide to the eyes.

Gracey scaler and sonic apparatus, as well as friction coef-
ficient measurements. More than 40 samples have been pre-
pared with different nitriding conditions. Based on the tribo-
oxidative wear process, the whole behavior can be divided
in two steps. The first one is the growth of an oxinitride
layer α-Ti(N,O)δ. During the second step delamination of
the oxinitride layer produces debris and increases the fric-
tion coefficient.

In conclusion, it is demonstrated that plasma nitriding
is useful to improve dental implant tribological behavior.
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