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a b s t r a c t

The corrosion behaviour of Ti–6Al–4V alloy with nitride coatings was investigated in Ringer’s solution at
36 and 40 �C. Nitride coatings of different composition, thickness and surface quality were formed
because of changing nitrogen partial pressure from 1 to 105 Pa and nitriding temperature from 850 to
900 �C. Results shown that nitride coatings improve anticorrosion properties of alloy at both solution
temperatures. Corrosion resistance of alloy increases with the content increase of TiN phase in nitride
coating. With increase of temperature from 36 to 40 �C the corrosion resistance of alloy is determined
significantly by quality of nitride coating.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Titanium has been widely used as a biomaterial since the late
1970s. It is caused by its better corrosive and osteointegrating
properties compared to the other materials [1–4]. Titanium does
not cause an allergy while an allergy on a nickel (required compo-
nent of stainless steels) is the widespread phenomenon [5]. Appli-
cation of titanium alloys in medicine is more promising than
titanium because of their correlation specific weight is consider-
ably higher compared to the stainless steel [6,7].

The efficiency of application of titanium alloys as implants in the
state of delivery is lower significantly than after additional treat-
ment (thermal, thermomechanical, chemical-thermal, etc.) [8–11].
Working in the conditions of the high contact and sign-changing
loadings (implants of the orthopedic application), in the streams of
bioactive environments (staples, pins, heart valves, etc.), titanium
alloys need to improve such characteristics as wear-, corrosion resis-
tance etc.

Nitriding can improve the above mentioned properties of tita-
nium alloys. Titanium nitrides can be formed by various coating
techniques: ion implantation [12,13], plasma methods [14–17], la-
ser method [18], thermodiffusion treatment [19,20], etc. Among
these methods, thermodiffusion treatment is promising, effective
and economically sound method of surface engineering. It is tech-
nological, easily reproducible, can treat the workpieces of the arbi-
trary configuration (including poles), improve physico-chemical
characteristics of the treated surfaces. Also it is the finish treat-
ment, provides forming of coatings with high adhesion strength
to the matrix by means of forming of the transition diffusion layers.

The corrosion resistance in physiological solutions which model
the human body fluid is one of the basic criteria to choose the
material as implant [21]. The corrosion behaviour of titanium al-
loys, in particular Ti–6Al–4V, was investigated in simulated phys-
iological solutions (Ringer’s, Hank’s) at body temperature of 37 �C
[22–24]. The results of investigations showed that above men-
tioned materials exhibited stable passive polarization behaviour.
Alves et al. [25] investigated corrosion resistance of Ti and Ti–
6Al–4V through electrochemical impedance spectroscopy and
potentiodynamic polarization curves in Hank’s solution at 25 and
37 �C. At 25 �C Ti–6Al–4V alloy showed similar corrosion behav-
iour to that of Ti. Unlike Ti, with increase of immersion time and
solution temperature the corrosion resistance of Ti–6Al–4V de-
creased as a result of dissolution of the TiO2 passive film. Burstein
et al. [26] studied the effect of temperature (20, 37 and 50 �C) on
the nucleation of corrosion pits on titanium in Ringer’s physiolog-
ical solution. The frequency of breakdown of the passive film in-
creased significantly with increase of solution temperature.

Tian et al. [27] showed that TiN film deposited by arc ion plating
provides effective protection for the Ti–6Al–4V substrate in Hank’s
solution at 37 �C. In contrast to the bare Ti–6Al–4V, no pitting was
observed on the surface of the TiN filn deposited on the bare alloy
after potentiodynamic polarization. Manhabosco et al. [17] evalu-
ated the anticorrosive properties of plasma nitrided Ti–6Al–4V in
phosphate buffer saline solution, simulating the body environ-
ment, at 37 �C. Nitriding increased the alloy resistance to corrosion.

Nowadays, it is a lack of data on the influence of increase of the
temperature of physiological solution on the corrosion resistance
of untreated titanium alloys and with coatings. Besides, the influ-
ence of phase-structural state of surface layers of titanium alloys,
which is determined by the parameters of nitriding, on their corro-
sion behaviour in physiological solutions was not investigated.
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Purpose of this work is to study the influence of nitriding
parameters and temperature of Ringer’s solution on corrosion
behaviour of Ti–6Al–4V alloy.

2. Material and methods

Ti–6Al–4V alloy, whose chemical composition is presented in
Table 1, was used in this study. The samples of 15 � 10 � 1 mm
were cut from the sheet, and were mechanically ground by differ-
ent grades of SiC emery papers, polished by diamond pastes to a
surface roughness of Ra = 0.4 lm. After polishing, the samples were
ultrasonically cleaned. Then the samples were annealed in a vac-
uum (T = 800 �C, s = 2 h, P = 0.05 mPa, I = 0.1 mPa dm3 s�1 (inleak-
age rate)) to form the original phase-structural state (stress
relaxation, dehydrogenization, homogenization and structure sta-
bilization). Before nitriding samples were degreased in benzene,
and washed with deionized water.

The thermodiffusion treatment of Ti–6Al–4V alloy in nitrogen
was conducted, according to the next regimes (Table 2).

The samples were heated to the nitriding temperature in a vac-
uum of 10�3 Pa [20]. Heating rate was 0.040 �C/s. After the isother-
mal exposure, the samples were cooled in nitrogen at an average
cooling rate of 0.028 �C/s. After cooling to 500 �C system was
vacuumized.

Phase composition of surface layers after nitriding was deter-
mined by means of X-ray analysis (CuKa radiation). The tube focus-
ing system was made using Bragg–Brentano method. Voltage on
the anode of X-ray tube was of 40 rV and current was of 30 mA.
The scan step was 0.02� and rate was 10�/min. The diffraction pat-
tern profiles were refined by the Rietveld method with two differ-
ent pseudo-Voigt function using Powder Cell 2.4 and Sietronix
programs [28], by means of which conducted Fourier analysis of
diffractograms, determined the places of diffraction maximums
of reflections, lattice parameters and phases content identified
from data of card index of JCPDS-ASTM phases [29].

The profilograms of samples surface were received in the un-
treated state and after nitriding. The quantitative characteristics
of surface microgeometry (height parameters of Ra, Rz, Rmax and
foot-pace parameters of S and Sm) were determined by special pro-
grams [30].

The microstructure and microhardness of surface layers were
evaluated with mounted cross-sections of the samples after etch-
ing with Kroll’s reagent. The microstructure of the treated samples
was examined by optical metallographic techniques, scanning
electron microscope EVO-40XVP with the system of microanalysis
INCA Energy. Depth profile and surface microhardness measure-
ments were obtained by means of Vickers indenter with a load of
50 g for 15 s.

The electrochemical tests of untreated Ti–6Al–4V alloy and with
nitride coatings were carried out using IPC-pro potentiostat. The
electrolyte used for simulating human body fluid condition was
Ringer’s solution, prepared using laboratory grade chemicals and
double distilled water. The composition of Ringer’s solution was
(in g/l): NaCl – 9.0; KCl – 0.43; CaCl2 – 0.24; NaHCO3 – 0.20
[31,32]. Experiments were performed at (36 ± 0.5) and
(40 ± 0.5) �C, using three-electrode glass cell (50 ml) with a plati-
num counter electrode and a saturated Ag/AgCl with 3 M KCl
(+0.207 V vs. SHE) reference electrode. Surface of the working elec-
trode of Ti–6Al–4V alloy was coated with epoxy resin, leaving area

for exposure to the electrolyte of 1 cm2. Ringer’s solution was
maintained at 36 and 40 �C throughout the tests. Upon immersion
of the samples into Ringer’s solution, the open-circuit potential
was measured as a function of time for 1 h at 0.5 s intervals. The
polarization curves for Ti–6Al–4V alloy were recorded in the po-
tential range �1.0. . .2.5 V vs. Ag/AgCl at a scan rate of 2 mV/s.
The corrosion potential and corrosion current density were deter-
mined from the polarization curves by Tafel extrapolation method.
The tests were repeated at least three times for each sample.

3. Results and discussion

3.1. Nitriding

The nitride coating is formed as the result of nitriding of Ti–6Al–
4V alloy. It contains the nitride zone and diffusion zone (solid solu-
tion of nitrogen in a-titanium), according to the results of X-ray
analysis (Fig. 1, Fig. 2). The nitride zone consists of cubic d-TiN
phase and e-Ti2N phase. The portion of each nitride depends on
the nitriding regime (Fig. 3). Investigations showed that after
nitriding in the rarefied nitrogen (coating I) the portion of TiN in
nitride zone is 4%, while in nitrogen of atmospheric pressure (coat-
ing II) – 67%. After nitriding in nitrogen of the atmospheric pres-
sure at higher temperature (coating III) the portion of TiN in the
nitride zone is lower (58%). That’s why, the nitride zone of coating
I is mainly composed of Ti2N. It’s confirmed also by the results of
energy-dispersive X-ray spectroscopy (Fig. 4): the content of nitro-
gen in surface layer is 9.66 mas.% (26.77 at.%). TiN prevails in ni-
tride zone of coatings II and III.

The presence of a-titanium lines on the diffractograms with in-
creased interplanar spacings indicates on the formation of diffu-
sion layer which separates the nitride zone from matrix. The
lattice parameter of titanium increases durinh forming of the inter-
stitial solid solutions (Table 3). Data from the table demonstrate
that the pressure during nitriding is the most significant factor
affecting saturation of nitrogen in titanium.

Table 1
Chemical composition (wt.%) of Ti–6Al–4V alloy.

Alloy C H N O Fe Al V Ti

Ti–6Al–4V 0.1 0.015 0.04 0.15 0.25 6.0 4.0 Bal.

Table 2
Nitriding regimes of Ti–6Al–4V alloy.

Coating Nitriding parameters

T, �C t, h pN2, Pa I, Pa/s

I 850 12 1 7 � 10�3

II 850 12 105 Static conditions
III 900 12 105 Static conditions

Fig. 1. X-ray diffraction patterns of Ti–6Al–4V alloy after different regimes of
nitriding: a – I; b – II; c – III.
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