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An investigation was carried out on commercially pure titanium and on a Ti–6Al–4V alloy plasma nitrided at
730 °C according to different conditions. Diffusion of nitrogen and formation of compound layer were very
limited for the shortest processing times of 20 h in both materials while the combination of diffusion periods
after active nitriding led to a clear improvement of nitriding efficiency only for the Ti–6Al–4V alloy. Extension
of nitriding times to 76 h generated a significantly thicker compound layer composed of a combination of TiN
and Ti2N phase while TiN became predominant at nitriding times of 156 h. Ti2AlN was also supposed to be
present in the outermost layers of the Ti–6Al–4V alloy nitrided in both conditions. Al-enriched and V-
enriched regions were detected beneath the above layers.
Modifications observed in extension and chemistry of the nitrided layers also resulted in different hardness
and scratch resistance properties. The thin TiN layer found in the soft CP titanium nitrided to 20 h clearly
cracked due to extensive deformation produced during scratch testing. On the contrary, shallower scratch
tracks were generated with no evidence of surface cracking in the harder Ti–6Al–4V alloy. Increasing the ni-
triding times led to generation of small cracks at root of track, more developed after nitriding for 156 h. It was
speculated that the different fractions of TiN and Ti2N found for the two processing times could have an effect
on damage sensitivity, promoting cracking where the most brittle TiN was predominant.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Titanium and titanium alloys are attractive materials for engineer-
ing applications due to their high strength-to-weight ratio and corro-
sion resistance. Despite this good combination of properties, the use
of titanium is often limited by its poor tribological properties such
as low abrasive and adhesive wear resistance, relatively low hardness
and high coefficient of friction [1]. Several forms of nitriding have
been investigated to improve surface properties of titanium-based al-
loys such as gas nitriding [2–4], laser nitriding [5,6] and several forms
of plasma-assisted nitriding [7–13]. Plasma nitriding of titanium al-
loys showed several advantages over other methods, mainly due to
the facility of surface depassivation by cathode sputtering [14,15]
and optimal treatment of entire surface of complex shapes [16].
Cost efficiency and performance of parts is also beneficially affected
by reduced treatment times and higher hardness of the formed layers
[1].

Diffusion of nitrogen in Ti alloys usually generates a continuous
hardness profile with significantly high values close to surface. It is
well accepted that the outermost nitride layer is composed of the
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face-centered cubic δ-TiN phase and of the tetragonal ε-Ti2N phase
[1,2,9,16]. Beneath these compound layers a nitrogen-rich α-Ti solid
solution is formed by diffusion. Fouquet et al. also specified that in a
radio-frequency plasma nitrided Ti–6Al–4V alloy, the α-TiN0,26

phase is also formed by reorganization of nitrogen atoms from the
α-Ti solid solution and from the ε-Ti2N phase [16].

There is also clear evidence that the above phases strongly reduce
nitrogen flow toward the substrate, so that the progressive increase
of the diffusion layer thickness is described by a parabolic time law
[1,12,16,17]. Especially, TiN is thought to act as a strong barrier, re-
ducing by two orders of magnitude the diffusion coefficient of nitro-
gen (DN

TiN=3.95·10−13 cm2/s; DN
α-Ti=1.81·10−11 cm2/s at

850 °C) [2]. Due to this unavoidable limitation, process innovation
and optimization activities have been carried out in the last decades
to improve the nitrided thickness on Ti parts while keeping proces-
sing times and temperatures at acceptable levels [17]. Significant re-
sults were achieved for instance by low-pressure plasma nitriding
using different gas mixtures [12,13,16].

In spite of these considerable efforts, a detailed frame of informa-
tion about phase evolution and effects of alloying elements as a func-
tion of fundamental nitriding parameters such as temperature and
nitriding time for titanium and Ti alloys is not yet fully available.
The present paper is thus aimed at investigating diffusion of nitrogen
and other alloying elements as well as microstructure development
0.1016/j.surfcoat.2011.10.006
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Table 1
Chemical composition (mass %) of the materials investigated.

Al V Fe Ni N Ti

CP Ti (grade 2) – – 0.04 0.01 0.05 Bal.
Ti–6Al–4V (grade 5) 6.86 4.82 . 0.01 0.02 Bal.
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during plasma nitriding of commercially pure titanium and Ti–6Al–
4V alloy.

2. Materials and experimental procedures

Plates of commercially pure (grade 2) Ti and of Ti–6Al–4V (grade
5) alloy having a thickness of 10 mm and 8 mm, respectively have
been investigated. Table 1 reports the chemical compositions of the
materials investigated whereas Fig. 1 depicts representative micro-
graphs of their microstructure.

Plasma nitriding was carried out in a nitrogen atmosphere
(99.9995% purity grade) at a fixed temperature of 730 °C and working
pressure of 180 Pa. 530 V voltage pulses were adopted with pulse du-
ration of 100 μs and repetition rate of 300 μs. A standard nitriding
cycle, to be considered as a reference treatment, was performed by
selecting a processing time of 20 h for both materials investigated
Fig. 1. Optical micrographs of CP titanium (a) and of Ti–6Al–4V alloy (b) at the center
of the sample in the as received condition.

Fig. 2. Optical micrographs of CP titanium (a) and of Ti–6Al–4V alloy (b) at the center
of the sample after the STD20 nitriding condition.

Please cite this article as: S. Farè, et al., Surf. coat. technol. (2011), doi:1
(STD20). Enhanced diffusion conditions were evaluated by consider-
ing a modified treatment (STD20+D) consisting of additional diffu-
sion cycles, at the same temperature of 730 °C but in a pure Argon
atmosphere, according to a sequence of nitriding for 10 h in N2 and
diffusion for 5 h in Ar repeated twice. Finally, extended nitriding
times were considered by treating the Ti–6Al–4V alloy under the
same condition of the standard cycle but for a total of 76 h (STD76)
and of 156 h (STD156). The duration of these cycles was arbitrarily
selected based on established cycles already adopted for similar treat-
ments in industrial plants.

As nitrided cross-sectioned samples were analyzed by the use of
optical and scanning electron microscopy. Glow discharge optical
emission spectrometry (GDOES) was adopted to measure elemental
depth profiles from nitrided surface toward bulk of samples for a
depth of few hundreds of micrometers. Calibration of elemental con-
centration and of depth of erosion was carried out with specifically
selected reference samples and by laser profilometer measurements,
respectively, so that the obtained GDOES profiles could be quantita-
tively compared.

Evaluation of mechanical behavior of the nitrided samples was
performed by scratch resistance tests. Scratch tests were performed
according to ASTM C1624-05 standard with increasing load, from
0.3 to 30 N. Linear scratches with a length of 3 mm were made
0.1016/j.surfcoat.2011.10.006
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Fig. 3. Elemental depth profiles of samples nitrided according to STD20 and STD20+D
conditions for (a) CP titanium and (b) Ti–6Al–4V alloy.

Fig. 5. SEM views of the structure close to surface (upper part of the micrograph) of the
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using a diamond Rockwell indenter with a spherical tip radius of
200 μm, sliding at a constant speed of 1.26 mm/min. Scratch hardness
(HSp) was estimated based on width (w) of scratch at maximum load
Fig. 4. Elemental depth profiles of Ti–6Al–4V alloy samples nitrided according to STD76
(a) and STD156 (b) conditions.

Ti–6Al–4V alloy nitrided according to STD156 condition.
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(P), according to equation suggested in ASTM G171-03 standard:

HSp ¼ k � P=w2
: ð1Þ

Being k a constant (k=24.98 when HSp is expressed in GPa, P in
grams-force and w in μm).

3. Results and discussion

The effect of high-temperature during nitriding on bulk micro-
structure is considered in Fig. 2. From observation of the grain struc-
ture at center of samples, it can be inferred that after 20 h of holding
at 730 °C the CP titanium is subjected to a significant grain coarsening
(compare Fig. 2a to Fig. 1a) while the two-phase Ti–6Al–4V alloy
revealed to be much more stable, showing only slight changes in β-
phase distribution (dark phases in optical micrographs of Figs. 1b
and 2b). Further extension of processing times up to 156 h did not
led to significant modifications of the structure already achieved
after 20 h of holding at 730 °C.

Fig. 3 compares the depth profiles measured by GDOES of samples
nitrided according to STD20 and STD20+D conditions of the twoma-
terials investigated. Diffusion of nitrogen toward bulk of samples was
very limited and comparable in the two materials processed in the
STD20 condition. These results are in agreement with the well estab-
lished trend showing that the initial generation of compound layers
on the surface acts as a strong barrier for further nitrogen diffusion
and hinders thicker diffusion layers to be achieved [1,12,16,17].

The addition of diffusion cycles after the nitriding phases (STD20+D
condition) led to slight modification of the nitrogen profile for the CP
0.1016/j.surfcoat.2011.10.006
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Fig. 6.Morphology of scratches produced on a nitrided surface of CP titanium processed according to STD20 (a) and STD20+D (b) conditions; of Ti–6Al–4V alloy processed accord-
ing to STD20 (c), STD20+D (d); STD 76 (e) and STD156 (f) conditions.
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titanium (see Fig. 3a) but to a much larger improvement for the Ti–6Al–
4V alloy. A possible reason for the higher diffusion rate in the latter alloy
can be found considering that the presence of the alloying elements and
the formation of a two-phase (α+β) structure promotes comparatively
higher amount of lattice defects and interfaces that can significantly en-
hance diffusion. In Fig. 3b, elemental profiles of the Ti–6Al–4V alloy are
also given for Al and V. It can be stated that these elements are depleted
from the surface layers and that their position is modified during the dif-
fusion phase according to changes in thickness of the N-rich layer.

Longer nitriding times to 76 and 156 h generated thicker com-
pound layers and allowed better evaluation of the elemental
Please cite this article as: S. Farè, et al., Surf. coat. technol. (2011), doi:1
distribution within the different phases, as depicted in Fig. 4 for the
Ti–6Al–4V alloy. The broader extension of the measured compound
layer clearly demonstrates that TiN (50 at.% N) is formed in the outer-
most layer of the STD76 and STD156 samples for a thickness of about
0.5 and 3 μm, respectively. A thin region corresponding to the Ti2N
phase composition is also detected as a step at about 33 at.% N for
the STD76 curve, whereas a substantially continuous curve without
evidence of the Ti2N step was recorded for the STD156 sample.

Inspection of Al and V profiles in Fig. 4 and comparison with
Fig. 3b suggest that Al and V are rejected from TiN/Ti2N layers and ac-
cumulate in the substrate. Particularly, Al creates a first peak just
0.1016/j.surfcoat.2011.10.006
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Fig. 7. BSE images of the scratch tracks produced on nitrided surfaces of CP titanium (a)
and of Ti–6Al–4V alloy (b) processed according to STD20 condition. White region on
the scratch tracks represent areas of exposed substrate material.

Table 2
Scratch width and scratch hardness of the materials investigated. The values are mea-
sured at end of scratch tracks, corresponding to a load of 30 N.

Sample Width of track (μm) HSp (GPa)

CP Ti STD20 199.6 1.92
CP Ti STD20+D 197.8 1.95
Ti–6Al–4V STD20 147.2 3.53
Ti–6Al–4V STD20+D 130.1 4.51
Ti–6Al–4V STD76 121.0 5.22
Ti–6Al–4V STD156 120.1 5.30
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behind the interface with TiN/Ti2N layers while V forms a second
smaller peak, positioned behind that of Al. Accumulation of Al in a
Ti–6Al–4V alloy plasma nitrided at 760 °C has previously been
detected also by Rolinski and co-authors in a qualitative form by
Auger electron spectroscopy [14].

The GDOES profiles given in Fig. 4 also suggest that within the TiN
layer, a relative enrichment of Al is present in the outermost layer.
Observation of both Fig. 4a and b reveals that the Al peak is located
close to external surface, at a position corresponding to nitrogen con-
centration of about 50 at.%. It could be suggested that the above com-
position corresponds to a combination of TiN and Ti2AlN phases, as
also reported by Rolinski by X-ray diffractometry analyses on a
α+β Ti (WT3-1) alloy, plasma nitrided at 730 and 830 °C [15].

The described distribution of alloying elements is consistent with
microstructural analyses performed on nitrided samples. Fig. 5a and
b depicts the structure observed in the Ti–6Al–4V alloy nitrided
according to STD156 condition. A TiN/Ti2N compound layer having
an irregular interface with the substrate can be recognized in the
upper part of the micrographs. Beneath this region, EDS microanaly-
ses allowed to recognize the Al-enriched region corresponding to a
single-phase layer of α-Ti solid solution (region labeled C in Fig. 5b
with an average wt.% composition of 12.5 Al; 2.4 V). Segregation of
V promoted the precipitation of fine β-Ti V-rich particles (white
phases labeled B at center of micrographs, with an average wt.% com-
position of 5.7 Al; 19.1 V) located at a distance from surface matching
the position of the V peak detected from GDOES analyses. These mi-
crostructural observations are consistent with well accepted parti-
tioning effects of α-stabilizers and β-stabilizers' elements in Ti
alloys [1,16].

Formation of the compound layers (TiN, Ti2N, Ti2AlN) with differ-
ent thickness values and development of regions enriched in alloying
elements (Al as a strengthener and stabilizer of the α-Ti phase and V
for the β-Ti phase) also led to significant modifications of hardness
and scratch resistance behavior. In Fig. 6 representative views of the
final portion of several scratch tests are depicted. Fig. 6a and b
shows typical scratch tracks performed on CP titanium nitrided
according to STD20 and STD20+D conditions. In both cases the rela-
tively thin compound layers and the soft substrates result in wide and
deep scratch profiles with evidence of extensive substrate deforma-
tion. The thin TiN layer is also clearly damaged due to tensile defor-
mation brought about by the scratch stylus. Moving to the harder
Ti–6Al–4V alloy nitrided by the same conditions (Fig. 6c and d), it is
shown that shallower scratches are generated with no evidence of
surface cracking owing to significantly lower deformation imparted
by the stylus sliding on sample surface. Also for these samples, no dif-
ferences were detected due to addition of the diffusion cycle after ac-
tive nitriding. Analyses of the samples by backscattered electron
images (BSE) allowed demonstrating that partial removal by spall-
ation of the compound layer occasionally occurred only at the highest
loads investigated (at end of the scratch tracks, corresponding to a
load of 30 N), as depicted in Fig. 7. In these micrographs the white re-
gions within the scratch track represent portions of material having a
comparatively higher density (Ti substrate) with respect to the ligh-
ter (TiN, Ti2N, Ti2AlN) compound layer.

Reduced width of scratches were detected in Ti–6Al–4V alloy sam-
ples processed by longer nitriding times (STD76 and STD156 condi-
tions). As shown in Fig. 6e and f, the thicker hard layer and the
stronger substrate of the alloy now contribute to improve scratch re-
sistance by reducing the amount of deformed material. No evidence
of compound layer removal was detected by careful BSE observation
of samples. The STD76 sample, featuring a comparatively thinner
TiN/Ti2N layer, showed limited damage in root of scratch tracks
while the STD156 sample, having a larger brittle layer was more
prone to surface damage during scratch, as suggested by extensive
cracking shown in Fig. 6f. It can be speculated that a contribution to
different damage sensitivities of these two samples can also be
Please cite this article as: S. Farè, et al., Surf. coat. technol. (2011), doi:1
accounted for by the higher fraction of TiN in the STD156 sample
and by the coexistence of Ti2N in the STD76 sample. TiN is known
to have higher hardness [16] and lower toughness [15] than Ti2N, so
that the large amount of cracks detected at root of tracks can be relat-
ed to brittle behavior of the compound layer formed at longer nitrid-
ing times.

Finally, in Table 2 the main numerical values obtained from
scratch resistance tests are summarized. The hardness data are con-
sistent with the analyses on properties and extension of different
layers in nitrided samples, showing in particular the negligible effect
of the diffusion phase in CP titanium but not in the Ti–6Al–4V alloy
(compare STD20 vs. STD20+D conditions). The effects of the thick
TiN/Ti2N layer thickness in increasing hardness and scratch resistance
of the STD76 and STD 156 samples are also confirmed. It must be
0.1016/j.surfcoat.2011.10.006

image of Fig.�7
http://dx.doi.org/10.1016/j.surfcoat.2011.10.006


6 S. Farè et al. / Surface & Coatings Technology xxx (2011) xxx–xxx
specified that the estimated hardness calculated by Eq. 1 and reported
in Table 2 depends on material behavior along a depth of indentation
of several micrometers. Hence it is affected by the combination of
properties expected for the different surface layers above described,
and by the solid solution strengthening promoted by Al and V segre-
gation beneath the compound layers.

4. Conclusions

Investigations on CP titanium and on Ti–6Al–4V alloy plasma ni-
trided at 730 °C according to different conditions showed that diffu-
sion of nitrogen was very limited for the standard cycle of 20 h for
both materials. The addition of diffusion cycles after active nitriding
(STD20+D condition) led to a clear improvement of nitriding effi-
ciency only for Ti–6Al–4V alloy.

Extension of nitriding times to 76 and 156 h in the Ti–6Al–4V alloy
gave remarkably larger compound layer thickness. TiN coexisted with
Ti2N at sample surfaces after nitriding for 76 h whereas it was pre-
dominant in samples nitrided for 156 h. Ti2AlN was also supposed
to exist in the outermost compound layers of both samples based
on evidence of an Al peak.

Al-enriched and V-enriched regions were detected by GDOES and
SEM observations beneath the above layers. Al segregated in the α-Ti
solid solution immediately after the compound layer while V parti-
tioned inβ-Ti precipitates at a larger distance, just after the Al-rich zone.

Modifications observed in extension and chemistry of the nitrided
layers also resulted in different hardness and scratch resistance. The
thin TiN layer in the soft CP titanium nitrided to 20 h clearly cracked
due to extensive deformation produced by the scratch stylus. On the
contrary, in the harder Ti–6Al–4V alloy nitrided by the same condi-
tion, shallower scratches were generated with no evidence of surface
cracking.
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Increasing the nitriding times in the Ti–6Al–4V alloy led to im-
proved scratch resistance with generation of small cracks at root of
track, more developed in sample treated to 156 h. It was speculated
that the different fractions of TiN and Ti2N found for the two proces-
sing times could have an effect on damage sensitivity, promoting
cracking where the most brittle TiN was predominant.
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