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Abstract

This study investigates and analyzes the influence of plasma gas nitriding
with indirect plasmatron on the phase transformations, microstructure, surface
microhardness, and corrosion resistance of titanium alloy Ti-10V-2Fe-3Al. In
order to achieve this, the limits of the power used in this process are a mini-
mum of 12 kW and a maximum of 35 kW. The thermochemical treatment time
intervals are set at 5, 10, and 15 min. It is found that the phase composition
of the surface layer after plasma gas nitriding consists of «-Ti, (N, O), TiN,
and TiOs. Titanium oxides are detected only on the outermost surface of the
nitrided layers. The measured hardness of the plasma gas nitrided layers ob-
tained of Ti-10V-2Fe-3Al is up to 650 HKO0.05. Potentiodynamic polarization
analysis indicates that the subjects nitrided using 18 kW of power for 15 min
have the lowest corrosion rate, while the highest corrosion rate is observed in
those nitrided at 25 kW for 15 min.

Key words: surface treatment, plasma spray, nitriding, indirect plasma-
tron, titanium alloy

Introduction. The surface of the material is the interface where interactions
and chemical reactions occur, as it acts as a protective shield, providing resistance
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to corrosion or wear. Modification of surface parameters, such as morphology,
hardness, and so forth, is important for enhancing the durability, longevity, and
performance of the working details. For the past 70 years, titanium has gath-
ered the attention of engineers and various research groups, and as a result of
their endless efforts now, there is a variety of high-performance titanium alloys
available. Titanium alloys offer a superior set of properties, but their low surface
hardness and insufficient wear and abrasion resistance still limit their mechanical
engineering utilization [1™4].

One of the commonly used commercial titanium alloys is Ti-10V-2Fe-3Al.
Typically, this alloy is used for the construction of various structural components
for the aerospace and automotive industries. For example, in each Boeing 777
alone there are over 200 different parts made of this alloy. Regarding its properties,
this alloy offers excellent hardenability, high strength, and fatigue resistance. By
the nature of its structure, Ti-10V-2Fe-3Al is classified as near beta titanium alloy.
It consists of about 15%wt. o and  stabilizing elements, including 10% vanadium,
3% aluminum, and 2% iron. Due to the high amount of stabilizing elements,
severe segregation of o and (3 phases can occur leading to “beta flecks” in the
microstructures. During heat treatment soft beta-segregation zones surrounded
by harder material are formed. This leads to the nucleation of cracks and their
early propagation, which grows over time under loading conditions. Thus, the
mechanical properties of titanium alloy Ti-10V-2Fe-3Al are compromised [>8].

Over the years, different surface modification procedures, methods, and ap-
proaches are employed to improve the mechanical properties and corrosion be-
haviour of titanium and titanium alloys. In the field of thermochemical treatment
of titanium alloys, nitriding is the most frequently used process by far. The ni-
triding process of titanium and its alloys has been the subject of research for
many years and it has been effectively used for protection against wear. It has
been found that nitrogen strengthens the surface layers significantly. However,
the variety of technological processes and approaches usually take a substantial
processing time. The surface plasma gas nitriding using indirect arc plasmatron
operating in a chamber with a controlled nitrogen atmosphere is one of the most
recently developed methods for titanium nitriding [ 12].

In the present work, the microstructure, phase transformations, and micro-
hardness of titanium alloy Ti-10V-2Fe-3Al after plasma gas nitriding using dif-
ferent power for various periods of time are studied. The data on nitriding of
Ti-10V-2Fe-3Al titanium alloy presented here is part of a broader study on the
nanotubular growth of oxide layers on titanium, aimed at investigating the effects
of various surface treatments on the material’s properties.

Experimental. Samples of titanium alloy Ti-10V-2Fe-3Al were cut on a low-
speed cutting machine to dimensions of 20 x 20 x4 mm. The chemical composition
and properties of the titanium alloy samples are available in [®]. Prior to nitriding
the samples were mechanically ground and polished. The last polishing step was
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performed using a diamond suspension of 250 nm particles. After polishing the
samples were cleaned with acetone, rinsed with deionized (DI) water, and dried.
Then a series of plasma gas nitriding using PPN 800 apparatus, completed with
indirect plasmatron in a chamber was performed. The chamber was initially
filled with high-purity (99.998%) nitrogen (N2) gas, and a constant flow rate of
100 ml/min was maintained. The nitriding process was performed under 12 kW,
18 kW, 25 kW, and 35 kW of power for 5, 10, and 15 min. The tip of the plasmatron
nozzle was placed at 120 mm from the titanium samples for the duration of all
experiments. The samples were held stationary while the nozzle was set in edge-
to-edge motion on their surface at a constant velocity of 4 m/min. During the
plasma gas nitriding, the surface layer of the thermochemically treated samples
did not melt.

For characterization of the acquired surfaces, we have used an optical mi-
croscope LM-308 equipped with a digital camera and image processing software,
an X-ray diffractometer (Philips PANanalytical, using Cu-K« radiation), and a
DVK 1-AT semi-automatic Vickers microhardness tester. A Corrtest CS350 po-
tentiostat /galvanostat was used to evaluate the corrosion properties of the nitrided
subjects. In the process, a three-electrode setup including a Pt counter electrode,
an Ag/AgCl reference electrode, and a test sample used as a working electrode
was used. Before testing the nitrided samples were cleaned with acetone, rinsed
with DI water, and air-dried. Subsequently, the nitrided samples were exposed
to a solution of sodium chloride (NaCl) having a concentration of 3.5% wt. until
stable open circuit potential (OCP) was reached. After stable OCP was achieved,
potentiodynamic polarization was performed. The surface area exposed to the
salt solution was limited to 1 cm?. All of the experiments were performed with
freshly prepared solutions at room temperature.

Results and discussion. The plasma gas nitriding process induces changes
in the surface colour of the thermochemically treated titanium alloy Ti-10V-2Fe-
3Al, which can serve as a visual indicator for the occurrence of structural al-
teration. When subjected to 12 kW of power, the surface appears pale yellow,
regardless of the treatment time. The nitrided samples exhibit a bright golden
surface when 18 kW of power is used. Grey shades were observed on the nitrided
surfaces after 5 min of treatment using both 25 kW and 35 kW of power. After
10 min, as well as 15 min of treatment, using the same power, the nitrided surfaces
acquire a brownish-red hue.

Phase analysis. The phase composition of the plasma gas nitrided Ti-10V-
2Fe-3Al samples has been studied in a series of experiments employing different
technological regimes. Phase analysis of the plasma gas nitrided samples using
power in the range of 12 kW to 35 kW shows that the surface of titanium alloy
Ti-10V-2Fe-3Al consists of a-Ti(N, O), TiN, and TiOs. X-ray diffraction pat-
terns exhibiting the phase composition of the substrate material, before and after
plasma gas nitriding for different periods of time are displayed in Fig. 1.
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Fig. 1. Diffraction patterns and phase analysis of Ti-10V-2Fe-3Al before and after plasma gas
nitriding for 5, 10, and 15 min using a) 25 kW, b) 35 kW of power

Initially, the studied samples are composed of «-Ti+ 3-Ti. The overall reac-
tion that takes place during the nitriding process can be depicted as o-Ti+ 3-Ti —
o-Ti(N) 4+ TiN 4 TiO3. Analysis of the chemical composition shows that the same
phases are present on the nitrided surfaces, regardless of the used nitriding regime.
Despite the fact that Ti-10V-2Fe-3Al contains a large amount of vanadium, no
compounds including vanadium were detected on the plasma gas nitrided surfaces.

Microstructure. Optical micrographs showing cross sections of plasma gas
nitrided Ti-10V-2Fe-3Al samples with indirect plasmatron, using 12 kW, 18 kW,
25 kW, and 35 kW of power, for 5 and 15 min are available in Fig. 2.

Analysis of the microstructure indicates the presence of three zones: a com-
posite layer covering the outermost surface, a diffusion zone, and the base material.
The surface composite layer is continuous, and uniform, and its thickness varies
depending on the employed nitriding regime. In the samples nitrided at 35 kW
for 15 min it can reach up to 10 pm. Below the composite layer, a diffusion zone
is formed.

The microstructure of all plasma gas nitrided samples using 12 kW of power
appears homogenous. As the power increases, the microstructure acquires a more
pronounced inhomogeneous appearance. This is probably related to both the heat
transfer mechanisms as well as the resulting phase transformations. The increase
of power normally leads to higher temperatures on the thermochemically treated
surfaces of the titanium alloy subjects, while the process duration allows the
growth of thicker nitrided surface layers. Using that amount of power presumably
leads to temperatures higher than the @-transus for Ti-10V-2Fe-3Al.
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Fig. 2. Optical micrographs of plasma gas nitrided Ti-10V-2Fe-3Al samples with indirect plas-
matron, using 12 kW, 18 kW, 25 kW, and 35 kW of power, for 5 and 15 min

A general observation in this study is that the thickness of a nitrided layer
tends to increase with higher power and longer treatment time. The thickness
of the layers obtained within the scope of this research falls within the range of
approximately 50 pm to 350 pm. However, determining the exact thickness of a
nitrided layer from microstructural images can be challenging due to the absence
of a distinct boundary between the diffusion zone and the substrate.

Microhardness. Figure 3 exhibits the influence of power and treatment time
on the microhardness of the plasma gas nitrided samples with indirect plasmatron.
In addition to the observations of the microstructure, the thickness of the plasma
gas nitrided layers can be detected using a microhardness profile of a cross-section
such as those displayed in Fig. 3a. The conducted analysis of the microhardness
of the plasma gas nitrided Ti-10V-2Fe-3Al samples confirms that the thickness of
the nitrided layers is in the mentioned range.

The results obtained from the microhardness analysis indicate a clear trend of
increasing surface hardness of the plasma gas nitrided Ti-10V-2Fe-3Al alloy with
higher power levels. Similarly, a consistent increase in surface hardness is observed
with longer treatment times, ranging from 5 to 15 min. These findings suggest
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Fig. 3. Microhardness of Ti-10V-2Fe-3Al after plasma gas nitriding with indirect plasmatron
using 12 kW, 18 kW, 25 kW, and 35 kW of power a) measured cross sections after 15 min of
treatment, b) measured on the surface vs. treatment time

that both power and time have an impact on the microhardness of the nitrided
surface layers. Perhaps, the elevated microhardness of the layers produced using
higher power and longer treatment time may be attributed to greater nitrogen
diffusion into the titanium alloy and the subsequent formation of larger amounts
of nitride phases.

Corrosion resistance. The corrosion resistance of the plasma gas nitrided
Ti-10V-2Fe-3Al samples was evaluated by potentiodynamic polarization tests in
3.5% NaCl solution at room temperature. The results, illustrated by the obtained
polarization curves and the extracted corrosion parameters are available in Fig. 4.

The results obtained during the electrochemical tests show that all of the
plasma gas nitrided samples with indirect plasmatron demonstrate excellent cor-
rosion resistance, which is typical for nitrided titanium alloys in general. However,
the corrosion rates show variation across different regimes and treatment times.
Further analysis reveals that the samples nitrided using lower power levels (12
kW and 18 kW) exhibit slightly better corrosion resistance compared to those
nitrided at higher power levels (25 kW and 35 kW). Moreover, for the samples
nitrided at 12 kW and 18 kW, the corrosion resistance tends to improve with the
increased duration of the thermochemical treatment. In contrast, for the samples
nitrided at 25 kW and 35 kW of power the corrosion resistance tends to decrease,
particularly in the interval between 10 to 15 min of treatment. It was found that
the best corrosion resistance was exhibited by the samples nitrided at 18 kW for
15 min, while those nitrided at 25 kW and 35 kW of power for 15 min show the
highest corrosion rate.

Conclusions. Plasma gas nitriding was successfully performed on the
Ti-10V-2Fe-3Al titanium alloy using an indirect plasmatron, varying the power
(12 kW, 18 kW, 25 kW, and 35 kW) and treatment time (5, 10, and 15 min) to
investigate the resulting effects on microstructure, microhardness, and corrosion
resistance. The results obtained in this study are summarized as follows:
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Fig. 4. Potentiodynamic polarization results of plasma gas nitrided Ti-10V-2Fe-3Al samples
with indirect plasmatron tested in 3.5% NaCl

1. The phase composition of the outermost surface layer after plasma gas ni-
triding consists of &-Ti (N, O), TiN, and TiO2. Titanium oxides are formed
only on the outermost part of the sample surface.
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. The microstructure of the plasma-nitrided Ti-10V-2Fe-3Al alloy using 12 kW

and 18 kW of power for the studied periods of time appears uniform. How-
ever, with the increase of power levels, the formed nitrided layers exhibit a
non-uniform microstructure regardless of the treatment time.

. The thickness of the nitrided layers depends on the specific nitriding condi-

tions, including time and temperature. The estimation of the nitrided layers
thickness is based on observation of micrographs as well as measurements
of microhardness. It ranges between 50 pm and 350 pm, depending on the
employed particular process parameters.

. During the nitriding process, using higher power levels and longer dura-

tion results in increased surface microhardness. This is attributed to the
formation of the newly formed titanium nitride phases.

. All of the studied samples demonstrate excellent corrosion resistance. Never-

theless, it was found that the thermochemically treated samples using 18 kW
for 15 min demonstrated the highest resistance to corrosion in a 3.5% NaCl
solution. However, the samples nitrided using 25 and 35 kW of power for
15 min exhibit slightly increased susceptibility to corrosion in the used saline
media.
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