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Ti-4Al-2V is a new type of alpha titanium alloy that suitable for the application in
high-temperature and high-pressure water/steam environment. Ti-4Al-2V can be used in
marine engineering, nuclear power industry. In this paper the surface characterization of the
Ti-4Al-2V implanted with 75 keV nitrogen with fluences of 3 × 1017 and 8 × 1017 N+/cm2 is
investigated by glancing-incidence XRD, XPS and microhardness. The results show that new
phase TiN are formed after N implantation in the surface region. The nitrogen implantation
increases the surface hardness up to 340 and 260% for fluence of 8 × 1017 and 3 × 1017 N+/cm2,
respectively. The enhancement of hardness is related to the formation of TiN and irradiation
induced hardness. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Ti-4Al-2V is a new type of alpha titanium alloy that suit-
able for the application in high-temperature and high-
pressure water/steam environment. It has moderate tensile
strength, good weldability, anti-corrosion performance,
and fine property under low temperatures. It could be used
in marine engineering, nuclear power industry in the fu-
ture [1]. As it is a new type of titanium alloy, there are little
reports about it. We have investigated the oxidation be-
havior of this titanium alloy in high-temperature and high-
pressure alkaline water steam [2], the analyses of XRD
pattern and XPS and in situ AES show that the oxide scales
are composed of brookite-TiO2, Al2TiO5(Al2O3·TiO2),
Ti3O5 and Ti2O3, and the oxidation resistance has been
improved by pre-oxidation process. While this titanium
alloy oxidized in high-temperature and high-pressure neu-
tral water steam, a layer of anatase-TiO2 was formed [3],
the OH− maybe play an important role on the formation
of different type of TiO2.

Ion implantation has most of superior qualities as sur-
face modification methods. It has several merits com-
pared with other modification methods: low temperature
treatment, hence without dimensional change of treated
components; no interface discontinuity as in film de-
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position hence avoiding delamination; possibilities of
new structures in non equilibrium and new metallurgi-
cal phases; and precisely control of ion fluence and depth
distribution. Nitrogen ion implantation has been success-
fully used to improve the corrosion resistance, hardness
and tribological properties [4–10]. So the N implantation
also can improve the surface properties of Ti-4Al-2V. In
this work, 75 keV nitrogen is implanted into Ti-4Al-2V,
the surface characterization is investigated by glancing-
incidence XRD, XPS and microhardness.

2. Experiment
Ti-4Al-2V samples were cut from a rod to disc speci-
mens with diameter of 8 mm and thickness of 2.0 mm.
These specimens were ground and finally polished with
a colloidal silica polishing suspension. The specimens
were subsequently cleaned in acetone, alcohol and deion-
ized water in turn. Argon ion bombardment cleaning was
carried out at a bias of 20 keV in a vacuum for approxi-
mately 5 min for cleaning the sample surface before ion
implantation. The 75 keV N+ ion implantation was per-
formed using the K280 accelerator with fluences of 3 ×
1017 and 8 × 1017 N+/cm2. The beam current density was
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Figure 1 Depth distribution of nitrogen in Ti-4Al-2V after 75 N+ implan-
tation. The profile is simulated with TRIM96.

16.3 µA/cm2. During N implantation, the sample temper-
ature was maintained below 200◦C in order to avoid the
oxidation of titanium. The base pressure in the vacuum
chamber was 4.5 × 10−6 Torr, and the working pressure
was 1.2 × 10−5 Torr. According to TRIM 96 [11] calcu-
lations, the longitudinal projected range of 1200 Å with
a lateral range of 420 Å. The final distribution of N ion
calculated with TRIM 96 is shown in Fig. 1. The distri-
bution of implanted N+ ions as a function of depth can be
calculated as follows:

C = N (number/Angs. · ion) × fluence(ion/cm2)

where, C is the implantation ion concentration, N is the
number calculated from TRIM code, the displacement
energy 25 eV was used for the secondary cascades calcu-
lation.

The structure of the implanted layers was investi-
gated by glancing-incidence XRD (GXRD) with a X-
ray diffractometer type Philips X’Pert Pro MPD with a
graphite monochromator, using Cu Kα radiation and 1.2◦
incident angel for the samples implanted with 3 × 1017

and 8 × 1017 N+/cm2.
The samples were also analyzed by XPS using a XSAM

800 Flexo electron spectrometer with monochromatic Mg
K-alpha X-ray radiation. The instrument was standardized
against the C1s spectral line at 285 eV, and the spectra
were interpreted and deconvoluted using the KRATOA
computer software package. Survey spectra in the range
0–1000 eV were recorded for each ion implanted sample,
followed by higher resolution spectra over the N1s and
Ti2p.

The microhardness was measured with an ultramicro-
harness tester DUH-202 from Shimadzu using a Vickers
Indenter. Each Measurement was repeated 10 times in
order to average out statistical fluctuation.

3. Results and discussion
3.1. XRD investigation of the samples with

and without N implantation
X-ray diffraction pattern and GIXRD patterns of the sam-
ples with and without N implantation are shown in Fig. 2.
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Figure 2 XRD diffraction patterns of N+ implanted into Ti-4Al-2V show-
ing new phase are formed after implantation.

It is evident for the sample without N implantation that the
peaks are all attributed to α phase titanium, and there is
no β phase diffraction peak in the alloy. This is consistent
with previous reports [1]. GXRD reveals noticeable phase
changes in the surface layer of implanted titanium. There
are some new peaks appear at 2θ = 36.65, 39.26, 42.76,
51.06, 61.80 and 82.20◦, which reveal that new phases
are formed after N implantation. The new phases are TiN,
Ti2N and rutile-TiO2 as indexed in Fig. 2. The TiO2 peaks
are very small, suggesting a low volume fraction of this
phase formed in this alloy. The formation of TiO2 is due
to the low vacuum during N implantation probably.

Because the TiN crystal has a NaCl-type struc-
ture, the lattice constants of the TiN crystal can
be calculated according to the following Equation:
A = d(h2 + k2 + l2)1/2, the a of TiN formed by N im-
planted into titanium calculated from TiN(111) is 4.24 Å,
which is similar to the tabulated lattice constant 4.2417 Å
[12 ] indicating there’s maybe little intrinsic stress gen-
erated after the new phase TiN formation. We know that
nitrogen content and stress may influence the lattice con-
stant, hence the non-shifted lattice constant maybe in-
duced by the presence of substoichiometric TiN and in-
trinsic stress. Further investigations are needed to confirm
whether intrinsic stress is generated after implantation.

3.2. XPS analysis
Fig. 3 shows the XPS surveys between binding energies
of 0-1000 eV for 75 keV N+ implanted Ti-4Al-2V alloy
surface. The dominant signals are C, O, Ti and N. Com-
paring the XPS survey of the two samples implanted with
different fluences, it is evident the N signal increased with
increasing fluence. This indicates that a larger fraction of
nitride must be formed. The element O may be originated
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Figure 3 XPS survey energy spectra of N+ implanted into Ti-4Al-2V with
fluence of 3 × 1017 and 8 × 1017 N+/cm2.

from atmospheric contamination or TiO2 formation due to
the lower vacuum during N implantation. High-resolution
XPS collections of the Ti 2p binding energy regions have
been made. Fig 4a shows the data deconvolution from
N+ implanted Ti-4Al-2V alloy surface for 3 × 1017 and
8 × 1017 N+/ cm2, respectively. The photoelectron spec-
tra of Ti 2p3/2 of the sample implanted with a fluence of
3 × 1017 N+/cm2 is curve fitted by four peaks at 458.81,
457.29, 455.08 and 455.90, which correspond with rutile-
TiO2, Ti2O3, TiO and TiN with an atomic percentage of

20 at.%. And photoelectron spectra of Ti 2p3/2 of the
sample implanted with a fluence of 8 × 1017 N+/cm2 also
can be fitted by four peaks corresponded with rutile-TiO2,
Ti2O3, TiO and TiN with an atomic percentage of 47 at.%.
The photoelectron spectrum of N1s, as shown in Fig. 4b,
was curve fitted, resulting in the binding energy values at
396.88 eV for TiN with an atomic percentage of 69 at.%
and at 400.26 eV for C–N bond for the sample implanted
with a fluence of 3 × 1017 N+/cm2 and the atomic percent-
age of TiN increased to 79 at.% after 8 × 1017 N+/cm2

implantation. It shows that more TiN formed after higher
fluence of N implantation.

The depth profiles were obtained by rastering a 5 keV
Ar+ beam. The etching rate is estimated about 10 Å/min.
The vacuum was 1 × 10−5 Pa during ion etching. Fig. 5
displays high-resolution Ti2p spectra of Ti-4Al-2V im-
planted with an ion dose of 3 × 1017 N/cm2 and 8 ×
1017 N/cm2 that were recorded with the depth profile. It
indicates that the Ti2p spectra comprises a combination
of three XPS doubles, attributable to Ti4+, Ti3+ and Ti+
and corresponding to TiO2, Ti2O3, TiN. We can see that
the relative ratio of Ti+ was increased with increasing the
depth. This result has similar trend as shown in Fig. 1.

3.3. Microhardness
The hardness as a function of indentation depth for 75 KeV
N+ implanted Ti-4Al-2V with fluence of 3 × 1017 and 8
× 1017 N+/cm2 was shown in Fig. 5 for a maximum
load of 5 mN, normalized to the non-implanted sample
(2.9 GPa). The results showed that the hardness increase
with increasing implanted fluences. The nitrogen implan-
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Figure 4 (a) Ti 2p and (b) N 1s XPS energy spectrum of N+ implanted into Ti-4Al-2V with fluence of 3 × 1017 and 8 × 1017 N+/cm2.



468       464      460       456      452 468       464      460       456      452
Binding  energy /eV Binding  energy /eV

20 nm 

50 nm 

100 nm 

130 nm 

20 nm 

50 nm 

100 nm 

130 nm 

(a) (b) 

TiO2 

 TiN  
 Ti2O3 

TiO2 

TiN  

 Ti2O3 

Figure 5 Depth profile of Ti 2p XPS energy spectrum of N+ implanted into Ti-4Al-2V with fluence of (a) 3 × 1017 and (b) 8 × 1017 N+/cm2.

tation increases the surface hardness up to 340 and 260%
for fluences of 8 × 1017 and 3 × 1017 N+/cm2, respec-
tively. The hardness increases with the fluence, which was
also observed by other authors [10, 13–15]. The hardness
test represents material characteristics from a region of
three to six times the indentation depth of the probing
tip, depending on the alloy. Comparing nitrogen depth
profiles of Fig. 1 and relative depth functions of Fig. 6
it follows that the significant decrease of the micro hard-
ness at an indentation depth exceeding 50–60 nm, while
the nitrogen concentration maximum is at 130–150 nm.
Thus, a factor of 2–3 is appropriate for this alloy when
comparing the depth scales of hardness and nitrogen con-
centration, respectively. This is consistent with the results
of Ti6Al4V alloy [5].

The XRD and XPS analysis shows that TiN and TiN2

are formed after N implantation. And the TiN and Ti2N
distributed as small precipitates in the titanium matrix
[16]. It is well known that the element distribution, new
phase formation and microstructure change of the mod-
ification layer has a close relationship with the surface
properties of implanted alloy. The surface hardness of ti-
tanium also can be improved by irradiation [17–19]. The
damage profile also been calculated by TRIM-96. The
peak damage is ∼525 displacement per atoms (dpa) and
∼200 dpa at a depth of about 100 nm for the fluence of
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Figure 6 Hardness as a function of depth in the 75 KeV N+ implanted
Ti4Al2V with the fluence of 3 × 1017 and 8 × 1017 N+/cm2, normalized
to the non-implanted sample. The maximum load was 5 mN.

8 × 1017 and 3 × 1017 N+/cm2. The formation of new
phase titanium nitride irradiation damage must contribute
to the enhancement of hardness of Ti-4Al-2V.

4. Conclusion
The surface characterization of Ti-4Al-2V implanted
with 75 keV nitrogen with fluences of 3 × 1017 and
8 × 1017 N+/cm2 was studied by glancing-angle XRD



and XPS. The results showed that new phase TiN are
formed after N implantation in the surface region. The
hardness of a Ti-4Al-2V alloy was enhanced after nitro-
gen ion implantation. The nitrogen implantation increased
the surface hardness up to 340 and 260% for fluence of 8
× 1017 and 3 × 1017 N+/cm2, respectively.
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M Ü C K L I C H , Nucl. Instr. Meth. B199 (2003) 54.

7. F. B E R B E R I C H , W. M AT Z , U . K R E S S I G , E . R C H T E R , N .
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