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STRUCTURE OF COMMERCIAL TITANIUM SUBJECTED 
TO LOW-TEMPERATURE ION NITRIDING

The structural-phase state of commercial titanium of grades ВТ1-00 (VT1-00) and ВТ1-0 (VT1-0) has been 
studied in the initial state and after various types of low-temperature ion nitriding. In the initial state, the VT1-00 
and VT1-0 alloys have a single-phase α-Ti structure with a hexagonal close-packed crystal lattice. The hard-
ness of titanium is 140–150 HV 10. It has been shown that ion-beam nitriding of VT1-00 alloy at low temper-
atures of 350 and 450 °С leads to the formation of thin (up to 5 μm) nitrogen-hardened layers with a hardness 
of 160–180 HV 0.05. As a result of ion implantation at temperatures of 500 and 550 °C, a nitrogen-modified 
layer with a microhardness of 190–220 HV 0.05 is formed in the surface layers of the VT1-00 titanium alloy, 
containing a solid solution of nitrogen in the α-Ti matrix phase. Nitrogen implantation of the VT1-00 alloy at 
a temperature of 620 °C leads to the formation of titanium nitrides TiN0.26, ε-Ti2N, η-Ti3N2-x in the surface layer 
of titanium alloy. The microhardness of VT1-00 titanium treated with nitrogen ions at 620 °C increases to 
360 HV 0.05. In the case of ion-plasma nitriding (IPN) of VT1-0 titanium at 550 °C for 5 h, a nitrogen-modified 
layer up to 20 μm deep is recorded in its surface layer, containing isomorphic phases: α-Ti and titanium nitride 
TiN0.26. The microhardness of the VT1-0 titanium alloy subjected to IPN is 190 HV 0.01.
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Introduction. Titanium is one of the most com-
mon elements in nature. It combines high strength 
and corrosion resistance, and also has a number of 

design advantages over materials such as steel or alu-
minum. Due to this, titanium alloys are increasingly 
being used in various industries, namely metallurgy, 
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aerospace industry, electrical and radio engineering, 
chemical industry, shipbuilding and medicine  [1]. 
In  particular, titanium meets the requirements of 
biocompatibility with the tissues of the human body 
and is characterized by low density and low elastic 
modulus. The combination of these properties deter-
mined the prospects of titanium and its alloys for use 
as a material for medical implants [2]. At the same 
time, titanium, which fully meets biological require-
ments, is inferior to traditional materials for medical 
implants in strength, wear resistance and resistance to 
cyclic loads. In this regard, the problem of increasing 
the strength and tribotechnical properties of titanium 
while maintaining its biological inertia and corrosion 
resistance is very relevant. Various methods of inten-
sive plastic deformation are often used to improve 
the physical and mechanical characteristics of titani-
um [3]. Fundamentally new opportunities in this di-
rection are opened by the use of combined methods 
of high-energy exposure. In particular, the treatment 
of the surface layers of titanium with concentrated 
streams of charged particles (for example, nitrogen 
atoms) can significantly increase the strength and tri-
botechnical properties of various alloys. Currently, 
technologies based on the use of concentrated streams 
of nitrogen ions are the most promising and intensive-
ly developing methods of nitriding. The varieties of 
these technologies include IPN [4–7] and ion-beam 
nitriding [8, 9]. In particular, the authors [4–7] have 
shown that ion-plasma nitriding can significantly im-
prove the durometric and tribotechnical properties of 
materials, including titanium alloys. Usually, ion ni-
triding of titanium and its alloys is carried out at high 
temperatures [4–6, 8]. However, high-temperature ion 
nitriding leads to the formation of heterophase layers 
modified by nitride particles, which reduces the corro-
sion resistance and plasticity of titanium alloys. In this 
regard, it was of interest to investigate the influence of 
various methods of low-temperature ion nitriding on 
the structural and phase state of commercial titanium.

Research methodology. Samples of commercial 
titanium grades VT1-00 and VT1-0 (GOST 19807-91 
[10]) were studied. The compositions of the alloys 
are given in the Table. The VT1-0 alloy was studied 
in the as-received state after annealing to the equi-
librium state, as well as after the IPN. Annealing to 
the equilibrium state was performed at a temperature 
of 550 °C for 30 min. The choice of the IPN mode was 
carried out on the basis of the data of the work [4], as 
well as taking into account the economic feasibility 
of ion treatment. In particular, ion-plasma nitriding of 
VT1-0 was carried out at the IPN installation 0.361 
(Figure 1) at a temperature of 550 °C for 5 h in an ar-

gon-hydrogen medium. The temperature of the parts 
was recorded using a chromel-alumel thermocouple. 
Heating and saturation control at the exposure stage 
was carried out according to a given program using 
a specialized controller. 

The VT1-00 alloy in the as-received state was sub-
jected to ion-beam nitrogen treatment at the UVN-2M in-
stallation equipped with a closed electron drift source. 
The beam contained 70 % molecular nitrogen ions 
and 30 % atomic nitrogen ions [8, 9]. Implantation 
was carried out with an ion energy of 3 keV and an ion 
current density of 2 mA/cm2. For uniform distribution 
of the ion beam over the treated surface, a system of 
mechanical scanning of the sample attachment unit was 
used. The alloying fluence was ~3×1019 cm–2. The tem-
perature of the samples during ion-beam treatment 
was 350, 450, 500, 550 and 620 °C and was controlled 
using a “platinum-rhodium — platinum” thermocou-
ple. The processing time was 2 h and was selected 
based on the data [8, 9].

For research, samples with dimensions of 
8×6×4 mm were cut out of titanium plates subjected to 
ion nitriding. Metallographic studies of titanium sam-
ples were carried out on an optical microscope Altami 
MET 1MT. An aqueous 5 % HF solution was used to 
identify the structure of titanium alloys. The phase com-
position of the samples was studied using a DRON-3.0 
diffractometer in monochromatized cobalt (CoKα) ra-
diation at a voltage of 28 kV and an anode current of 
14 mA. The transcription of radiographs was carried 
out using the Crystallographica Search-Match software 
with a PDF-2 card file. Measurements of Vickers hard-
ness and microhardness were carried out on a Dura
Scan 20 hardness tester with a  load on an indenter P 
equal to 10 kg, 50 and 10 g.

Research results and their discussion. Ion-beam 
nitriding of VT1-00 alloy. In its initial state, VT1-00 
titanium has a single-phase α-Ti structure with a hexa
gonal close-packed (HCP) crystal lattice with parame
ters a = 0.2952 nm, c = 0.4688 nm, c/a  =  1.5881. 
The average grain size is 30 μm. Undeformed titanium 
practically does not contain linear defects, dislocations 
and dislocation clusters. This is due to the relatively 

Alloy Fe Si C Mn Ti
VT1-00 0.17 0.03 ≤0.05 0.02 Base
VT1-0 0.19 0.10 ≤0.07 0.02 Base

Table — Chemical compositions of the studied titanium alloys, wt.% 

Figure 1 — Vacuum chamber of the ion-plasma nitriding unit 0.361
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low values of the physical broadening of the diffrac-
tion lines of the matrix α-phase (β004 ≈ 1.3×10–3 rad) 
and the alloy hardness (140–150 HV 10).

Ion implantation of VT1-00 titanium with ni-
trogen at temperatures of 350 and 450 °C leads to 
a slight increase in the microhardness of the surface 
layer to 160 and 180 HV 0.05, respectively (Figure 2). 
The phase composition of titanium treated with nitro-
gen ions at these temperatures practically does not 
change in comparison with the initial non-implanted 
state. The appearance of lines from new phases is not 
recorded on X-ray diffractograms, and therefore it can 
be assumed that a slight increase in the microhardness 
of undeformed titanium after low-temperature ion 
implantation is due to the formation of a solid nitro-
gen solution in thin surface layers in the α-Ti HCP. 
At the same time, due to the small thickness of the ni-
trogen-alloyed layer, which does not exceed 5  μm, 
the profile of the α-Ti diffraction lines does not under-
go significant changes. 

An increase in the temperature of ion-beam treat-
ment of undeformed titanium VT1-00 to 500–550 °C 
leads to a grow in the depth of penetration of nitro-
gen ions into the surface layers up to ≈10 μm (Fi
gures 3 b, 4). On X-ray diffractograms near the dif-
fraction lines of the matrix α-phase from the side of 
small scattering angles, the appearance of an asym-

metric diffuse intensity distribution of diffracted 
X-rays is recorded (see Figure 3), which is caused by 
the formation of a solid nitrogen solution in the α-Ti 
HCP. The microhardness of titanium modified with 
nitrogen ions at 500 and 550 °C increases to 190 and 
220 HV 0.05, respectively (see Figure 2). After me-
chanical removal of the surface layer with a thickness 
of ≈10 μm, the profile asymmetry disappears, which 
indicates the absence of nitrogen atoms in α-Ti at 
a depth exceeding 10 μm. Figure 4 shows the distri-
bution of microhardness over the depth of the nitrided 
layer at 550 °C, obtained by the angle-lap method.

An increase in the temperature of ion implanta-
tion of titanium VT1-00 to 620 °C leads to a signifi-
cant change in the phase composition of the nitrogen-
modified layer. In particular, the X-ray diffractogram 
of the  titanium VT1-00 implanted with nitrogen at 
620  °C (Figure 5) shows the diffraction lines of α-Ti 
titanium nitrides TiN0.26 (HCP crystal lattice; spatial 
group P63/mmc; a = 0.2956 nm; c = 0.4765 nm), ε-Ti2N 
(tetragonal crystal lattice; spatial group I41/amd; 
a = 0.4140 nm, c = 0.8805 nm ), η-Ti3N2–x (spatial group 
R3–m; a = 0.2980 nm; c = 2.1660 nm), as well as weak 
lines of titanium oxynitride TiO0.34N0.74 (spatial group A; 
a = 0.9961 nm; b = 0.3796 nm; c = 0.9802 nm). The for-

Figure 2 — Dependence of the microhardness of the nitrogen-modified 
surface layer of titanium VT1-00 on the ion implantation temperature

Figure 3 — Fragments of X-ray diffractograms (CoKα) of titanium VT1-00 in the initial state (a) and after ion-beam nitriding at 550 °C (b)
а						                  b

Figure 4 — Microhardness distribution by depth of nitrided layers 
in titanium: 1 — ion-beam nitriding at 550 °C (2 h); 2 — ion-plasma 

nitriding at 550 °C (5 h)
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mation of ε- and η-nitrides is consistent with the data 
obtained by other authors during high-temperature ion 
treatment of titanium [11–13], and the formation of 
a  small amount of oxynitride is apparently caused by 
radiation-stimulated contamination of the surface layer 
of the titanium VT1-00 by residual gases in the cham-
ber of the ion implantation unit. The microhardness of 
the surface layer of the titanium VT1-00 after high-tem-
perature ion-beam nitriding increases to 360 HV 0.05.

Thus, ion treatment of titanium VT1-00 at 
350–550  °C leads to the formation of a solid nitro-
gen solution in the matrix phase α-Ti in a thin surface 
layer, which is accompanied by a grow in the surface 
microhardness from 160 to 220 HV 0.05. An increase 
in the temperature of ion-beam treatment with nitro-
gen to 620 °C leads to the formation of a modified 
layer containing various nitride phases and having in-
creased microhardness.

IPN of VT1-0. Microstructures of commercial ti-
tanium VT1-0 samples in the initial state (as-received 
state) and after various types of processing are shown 
in Figure 6.

In the initial state, titanium VT1-0 has a structure 
with an average grain size of 25–30 μm (see  Figu
re 6 a). The titanium hardness is 150 HV 10. The alloy 
contains α-Ti with a HCP crystal lattice with parame
ters a = 0.2952 nm, c = 0.4688 nm, c/a = 1.5881 nm 
(Figure 7). In addition, an insignificant amount of 
Ti3O5 titanium oxide is registered in the alloy (see Fi
gure 7 a, b). Preliminary annealing of the VT1-0 alloy 
at 550 °C (0.5 h) leads to the some expected enlarge-
ment of the grain structure compared to the initial state 
(see Figure 6 b). The average grain size of annealed ti-
tanium is 40–50 μm (see Figure 6 b). The hardness of 
titanium samples after annealing is 130–140 HV 10.

As a result, a thin layer with a crushed grain struc-
ture up to 40–50 μm deep is recorded on the surface 
of the sample at 550 °C for 5 h in the VT1-0 alloy 
(see Figure 6 c). This layer is formed due to the recrys-
tallization processes in the thin surface layer, as well as 
due to the decoration of grain and subgrain boundaries 
with nitrogen atoms during the IPN process. A change 

in the ratio of the intensities of the diffraction lines 002 
and 101 of the matrix titanium phase also testifies in fa-
vor of the recrystallization processes during ion-plasma 
processing (see Figure 7 a, c). The processes of recrys-
tallization of the thin surface layer in the alloy during 
IPN can occur due to deformation (strain hardening) 
of the thin surface layer during pre-machining (grin
ding, etc.) of titanium, also as a result of subsequent 
heating of the surface during ion-plasma treatment. In 
the recrystallized layer after ion-plasma treatment, α-Ti 
and titanium nitride with a low nitrogen content TiN0.26 
are recorded (see Figure 7 c). In fact, the TiN0.26 nitride 
phase (like the TiN0.3 phase) has a crystal lattice iso-
morphic to α-titanium HCP crystal lattice (space group 
P63/mmc) and, as a result, the TiN0.26 nitride can be con-
sidered as a saturated solid solution of nitrogen in α-Ti. 
At the same time, the parameter a of the crystal lattice 
of the TiN0.26 phase practically coincides with the value 
of the parameter a for the α-Ti lattice, and the parame
ter c of the TiN0.26 phase significantly exceeds the va
lue of the parameter c for titanium. This fact indicates 
the  predominant arrangement of nitrogen atoms in 
the octahedral pores of the HCP lattice of the α-phase. 
The depth of the nitrogen-alloyed layer is 12–16 μm 
(see Figure 4). The microhardness of the sample after 
the IPN is 195–200 HV 0.01. Figure 8 shows an X-ray 
diffractogram from the surface layer of titanium VT1-0, 
subjected to IPN and mechanical grinding to a depth of 
12 μm. It can be seen that the diffraction lines from α-Ti 
have a characteristic asymmetric shape, which is due to 
the presence of nitrogen dissolved in the matrix phase in 
the surface layer. After grinding of the titanium VT1-0 
to a depth of 20–25 μm, the profile asymmetry disap-
pears, which indicates the absence of nitrogen atoms in 
the α-Ti. As a result of the IPN of the annealed VT1-0 
alloy, as in the case of an unburned alloy, a recrystal-
lized layer is also recorded on its surface, the depth of 
which is ≈40–50 μm (see Figure 6 d). 

The phase composition of the modified layer in-
cludes the α-Ti matrix phase and low-nitrogen nitride 
TiN0.26 (see Figure 6 d). The microhardness of the ni-
trided layer is 190–195 HV 0.01.

Figure 5 — Fragment of an X-ray diffractogram (CoKα) of titanium VT1-00 subjected to ion-beam nitriding at 620 °C
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Comparing the results of phase analysis of com-
mercial titanium subjected to low-temperature ion 
nitriding by various methods, it can be noted that 
as a result of ion-beam nitriding at temperatures of 
350–550 °C, thin modified layers containing a solid 
solution of nitrogen in α-Ti are formed in the thin 
surface layers. As a result of prolonged ion-plasma 
treatment for 5 h at 550 °C, a solid nitrogen solu-
tion in α-Ti is transformed into a low-nitrogen phase 
TiN0.26 with the HCP lattice to the isomorphic lattice 
of α-Ti. When the ion nitriding temperature rises to 
620 °C, the formation of ε-Ti2N and η-Ti3N2-x nitrides 
is recorded in the nitrogen-modified layer, which is 
accompanied by a significant increase in the surface 
microhardness to 360 HV 0.05.

Thus, ion-beam and ion-plasma nitriding of com-
mercial titanium VT1-0 and VT1-00 at a processing 
temperature of 550 °C (for 2–5 h) leads to the forma-
tion of thin nitrogen-modified layers, mainly contain-
ing the isomorphic solid nitrogen solution in α-tita-
nium and a low-nitrogen nitride phase with the HCP 
lattice. The  microhardness of the nitrided layer is 
≈200  HV0.05. It should be noted that the formation 

of the solid nitrogen solution in the matrix phase is ac-
companied by the appearance of powerful compressive 
stresses in the surface layer, which leads to an increase 
in the cyclic durability of materials [8, 14]. In this re-
gard, low-temperature nitriding of titanium can be 
a promising way to increase its structural reliability, 
which is very important for critical items of the aero-
space industry and medicine. An increase in the tem-
perature of ion nitriding of titanium to 620 °C is ac-
companied by the formation of a strong heterogeneous 
structure in its surface layer containing highly nitride 
phases. The specified structural-phase state may be of 
interest for the formation of wear-resistant layers.

Conclusion. The structural-phase state of commer-
cial titanium VT1-00 and VT1-0 in the initial state and 
subjected to different types of ion nitriding at different 
temperatures has been studied. It is shown that low-tem-
perature ion-beam treatment of titanium at 350–550 °C 
for 2 h leads to the formation of a nitrogen-modified sur-
face layer up to 10 μm thick containing a solid nitrogen 
solution in the HCP matrix α-phase lattice. The micro-
hardness of the nitrogen-modified surface layer of the al-
loy increases to 200–220 HV 0.05 compared to the initial 

а						                  b

c						                  d
Figure 6 — Characteristic microstructures of titanium VT1-0 after various types of processing: a — as-received state; b — after annealing 

at 550 °C; c — alloy in as-received state + IPN (550 °C, 5 h); d — alloy after annealing + IPN (550 °C, 5 h)
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state. High-temperature ion implantation of titanium with 
nitrogen at 620 °C leads to the formation of nitride phas-
es in the modified layer and an increase in the titanium 
microhardness by 2.5 times compared to the initial state.

The IPN of titanium VT1-0 at 550 °C for 5 h is ac-
companied by the formation of modified layers up to 
20 μm deep containing the low-nitrogen phase TiN0.26 

isomorphic to α-titanium. The layer microhardness is 
≈200 HV 0.05.

It is concluded that low-temperature ion nitriding 
can be used as a method to increase the structural reli-
ability of commercial titanium, which is widely used 
in the aerospace and chemical industries, as well as in 
medical applications.

Figure 7 — Fragments of X-ray diffractograms (CoKα) from the surface layers of titanium alloy VT1-0 samples after various types 
of processing: a — as-received state; b — after annealing to the equilibrium state; c — alloy in as-received state + IPN (550 °C for 5 h); 

d — alloy after annealing to the equilibrium state + IPN (550 °C for 5 h)

а						                  b

c						                  d

а						                  b
Figure 8 — Fragments of X-ray diffractograms (CoKα) from the surface layers of titanium alloy VT1-0 samples in as-received state after 

IPN (550 °C for 5 h) and subjected to mechanical grinding to a depth of 10–12 μm (a) and 20–25 μm (b)
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СТРУКТУРА ТЕХНИЧЕСКОГО ТИТАНА, ПОДВЕРГНУТОГО 
НИЗКОТЕМПЕРАТУРНОМУ ИОННОМУ АЗОТИРОВАНИЮ

Исследовано структурно-фазовое состояние технического титана марок ВТ1-00 и ВТ1-0 в исход-
ном состоянии и после различных видов низкотемпературного ионного азотирования. В исходном 
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МАТЕРИАЛОВЕДЕНИЕ В МАШИНОСТРОЕНИИ

состоянии сплавы ВТ1-00 и ВТ1-0 имеют однофазную структуру α-Ti с гексагональной плотно
упакованной кристаллической решеткой. Твердость титана составляет 140–150 HV 10. Показа-
но, что ионно-лучевое азотирование сплава ВТ1-00 при пониженных температурах 350 и 450 °С 
приводит к формированию тонких (до 5 мкм) упрочненных азотом слоев, имеющих твердость 
160–180 HV 0,05. В результате ионной имплантации при температурах 500 и 550 °С в поверхност-
ных слоях титанового сплава ВТ1-00 формируется модифицированный азотом слой с микротвер-
достью 190–220 HV 0,05, содержащий твердый раствор азота в матричной фазе α-Ti. Импланта-
ция азотом сплава ВТ1-00 при температуре 620 °С приводит к образованию в поверхностном слое 
нитридов титана TiN0,26, ε-Ti2N, η-Ti3N2-x. Микротвердость обработанного ионами азота при 620 °С 
титана ВТ1-00 возрастает до 360 HV 0,05. В случает ионно-плазменного азотирования (ИПА) ти-
тана ВТ1-0 при 550 °С в течение 5 ч в его поверхностном слое регистрируется модифицированный 
азотом слой глубиной до 20 мкм, содержащий изоморфные фазы: α-Ti и нитрид титана TiN0,26. Мик
ротвердость подвергнутого ИПА титанового сплава ВТ1-0 составляет 190 HV 0,01.
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модифицированный слой, твердый раствор, нитриды титана, микротвердость

DOI: https://doi.org/10.46864/1995-0470-2022-1-58-48-55

Список литературы
1.	 Строение и свойства авиационных материалов: учеб. для ву-

зов / А.Ф. Белов [и др.]; под ред. А.Ф. Белова, В.В. Николен-
ко. — М.: Металлургия, 1989. — 368 с.

2.	 Эппле, М. Биоматериалы и биоминерализация / М. Эппле; пер. 
с нем.; под ред. В.Ф. Пичугина, Ю.П. Шаркеева, И.А. Хлусо-
ва. — Томск: Ветер, 2007. — 137 с.

3.	 Закономерности формирования субмикрокристаллических 
структур в титане, подвергнутом интенсивному пластиче-
скому деформированию по различным схемам / Ю.П. Шар-
кеев [и др.] // Физическая мезомеханика. — 2006. — Т. 9, 
вып. S1. — С. 129–132.

4.	 Поболь, И.Л. Методы высокоэнергетической обработки ма-
териалов. Опыт освоения в промышленности / И.Л. Поболь // 
Вестн. БрГТУ. Машиностроение. — 2018. — № 4(112). — 
С. 64–68.

5.	 Исследование влияния состава газовой среды при ионно-
плазменном азотировании титановых сплавов на глубину 
упрочненных слоев / И.Г. Олешук [и др.] // Современные 
методы и технологии создания и обработки материалов: 
сб. науч. тр.: в 3 кн. / гл. ред. А.В. Белый. — Минск: Изд-во 
ФТИ НАН Беларуси, 2018. — С. 201–211.

6.	 Инженерия поверхности титановых сплавов в газовых сре-
дах / И.Н. Погрелюк [и др.] // Современные методы и техно-
логии создания и обработки материалов: сб. науч. тр.: в 3 кн. / 
гл. ред. А.В. Белый. — Минск: Изд-во ФТИ НАН Беларуси, 
2017. — С. 271–283.

7.	 Теория и технология азотирования / Ю.М. Лахтин [и др.]. — 
М.: Металлургия, 1991. — 320 с.

8.	 Белый, А.В. Инженерия поверхностей конструкционных 
материалов концентрированными потоками ионов азота / 
А.В. Белый, В.А. Кукареко, А. Патеюк. — Минск: Белорус. 
наука, 2007. — 244 с.

9.	 Белый, А.В. Высокоинтенсивная низкоэнергетическая им-
плантация ионов азота / А.В. Белый // Физическая мезоме-
ханика. — 2002. — Т. 5, № 1. — 95 с.

10.	 Титан и сплавы титановые деформируемые. Марки: ГОСТ 
19807-91. — Взамен ГОСТ 19807-74; введ. 01.07.92. — М.: 
ИПК Издательство стандартов, 2001. — 3 с.

11.	 Surface Modification of Titanium by Plasma Nitriding / 
M.P. Kapczinski [et al.] // Materials Research. — 2003. — Vol. 6, 
no. 2. — Pp. 265–271.

12.	 Muraleedharan, T. Surface modification of pure titanium and 
Ti-6A1-4V by intensified plasma ion nitriding / T. Muraleedharan, 
E. Meletis // Thin Solid Films. — 1992. — Vol. 221, no. 1–2. — 
Pp. 104–113. — DOI: https://doi.org/10.1016/0040-6090(92)90802-I.

13.	 X-ray diffraction measurement of plasma-nitrided Ti-6Al-4V / 
S.L.R. Da Silva [et al.] // Surface and Coatings Technology. — 
1999. — Vol. 116–119. — Pp. 342–346.

14.	 Белый, А.В. Структура и физико-механические свойства 
стали 40Х13, подвергнутой ионно-лучевой обработке азо-
том / А.В. Белый, В.А. Кукареко, Э.Г. Биленко // Трение 
и износ. — 2003. — Т. 24, no. 5. — С. 497–502.


