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STRUCTURE OF COMMERCIAL TITANIUM SUBJECTED
TO LOW-TEMPERATURE ION NITRIDING

The structural-phase state of commercial titanium of grades BT1-00 (VTI1-00) and BT1-0 (VTI-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 VTI-0 alloys have a single-phase a-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 °C leads to the formation of thin (up to 5 um) 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 VTI1-00 titanium alloy,
containing a solid solution of nitrogen in the o-Ti matrix phase. Nitrogen implantation of the VTI1-00 alloy at
a temperature of 620 °C leads to the formation of titanium nitrides TiN, ,,, &-Ti,N, n-Ti;N,_in the surface layer
of titanium alloy. The microhardness of VTI-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 um deep is recorded in its surface layer, containing isomorphic phases. a-Ti and titanium nitride
TiN,,s The microhardness of the VT1-0 titanium alloy subjected to IPN is 190 HV 0.01.

Keywords: commercial titanium, ion-beam nitriding, ion-plasma nitriding, modified layer, solid solution,
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Introduction. Titanium is one of the most com-  design advantages over materials such as steel or alu-
mon elements in nature. It combines high strength  minum. Due to this, titanium alloys are increasingly
and corrosion resistance, and also has a number of 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
VTI1-0 was carried out at the IPN installation 0.361
(Figure 1) at a temperature of 550 °C for 5 h in an ar-

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

Alloy Fe Si C Mn Ti
VTI1-00 0.17 0.03 <0.05 0.02 Base
VTI-0 0.19 0.10 <0.07 0.02 Base

2ea

Figure 1 — Vacuum chamber of the ion-plasma nitriding unit 0.361

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/cm?. 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 ~3x 10" cm™. 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
8x6x4 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 IMT. 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 (CoK,) 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 o-Ti structure with a hexa-
gonal close-packed (HCP) crystal lattice with parame-
ters a = 0.2952 nm, ¢ = 0.4688 nm, c/a = 1.5881.
The average grain size is 30 pm. Undeformed titanium
practically does not contain linear defects, dislocations
and dislocation clusters. This is due to the relatively
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Figure 2 — Dependence of the microhardness of the nitrogen-modified
surface layer of titanium VT1-00 on the ion implantation temperature

low values of the physical broadening of the diffrac-
tion lines of the matrix a-phase (B, ~ 1.3x107 rad)
and the alloy hardness (140-150 HV 10).

Ion implantation of VTI1-00 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 o-Ti HCP.
At the same time, due to the small thickness of the ni-
trogen-alloyed layer, which does not exceed 5 um,
the profile of the a-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 um (Fi-
gures 3 b, 4). On X-ray diffractograms near the dif-
fraction lines of the matrix a-phase from the side of
small scattering angles, the appearance of an asym-
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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)

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 o-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 pum, the profile asymmetry disappears, which
indicates the absence of nitrogen atoms in o-Ti at
a depth exceeding 10 um. 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 VTI1-00 implanted with nitrogen at
620 °C (Figure 5) shows the diffraction lines of a-Ti
titanium nitrides TiN,,, (HCP crystal lattice; spatial
group P6,/mmc; a=0.2956 nm; ¢ = 0.4765 nm), e-Ti,N
(tetragonal crystal lattice; spatial group 14 /amd;
a=0.4140 nm, ¢ =0.8805 nm ), n-Ti,N, _(spatial group
R3m; a = 0.2980 nm; ¢ = 2.1660 nm), as well as weak
lines of titanium oxynitride TiO, ;,N, ,, (spatial group A;
a=0.9961 nm; b =0.3796 nm; ¢ = 0.9802 nm). The for-
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Figure 3 — Fragments of X-ray diffractograms (CoK,) of titanium VT1-00 in the initial state (a) and after ion-beam nitriding at 550 °C (b)
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Figure 5 — Fragment of an X-ray diffractogram (CoK) of titanium VT1-00 subjected to ion-beam nitriding at 620 °C

mation of &- and n-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 VTI1-00 at
350-550 °C leads to the formation of a solid nitro-
gen solution in the matrix phase a-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 um (see Figu-
re 6 @). The titanium hardness is 150 HV 10. The alloy
contains o-Ti with a HCP crystal lattice with parame-
ters a = 0.2952 nm, ¢ = 0.4688 nm, c¢/a = 1.5881 nm
(Figure 7). In addition, an insignificant amount of
Ti,0; titanium oxide is registered in the alloy (see Fi-
gure 7 @, 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 um (see Figure 6 b). The hardness of
titanium samples after annealing is 130-140 HV 10.

As aresult, a thin layer with a crushed grain struc-
ture up to 40-50 um deep is recorded on the surface
of the sample at 550 °C for 5 h in the VT1-0 alloy
(see Figure 6 ¢). 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, ¢). 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, o-Ti
and titanium nitride with a low nitrogen content TiN
are recorded (see Figure 7 ¢). In fact, the TiN, , nitride
phase (like the TiN,, phase) has a crystal lattice iso-
morphic to a-titanium HCP crystal lattice (space group
P6,/mmc) and, as a result, the TiN ,, nitride can be con-
sidered as a saturated solid solution of nitrogen in a-Ti.
At the same time, the parameter a of the crystal lattice
of the TiN, ,, phase practically coincides with the value
of the parameter a for the a-Ti lattice, and the parame-
ter ¢ of the TiN,,, phase significantly exceeds the va-
lue of the parameter ¢ for titanium. This fact indicates
the predominant arrangement of nitrogen atoms in
the octahedral pores of the HCP lattice of the a-phase.
The depth of the nitrogen-alloyed layer is 12—-16 um
(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 pum. It can be seen that the diffraction lines from a-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 VTI1-0
to a depth of 20-25 pm, the profile asymmetry disap-
pears, which indicates the absence of nitrogen atoms in
the a-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 um (see Figure 6 d).

The phase composition of the modified layer in-
cludes the o-Ti matrix phase and low-nitrogen nitride
TiN, ¢ (see Figure 6 d). The microhardness of the ni-
trided layer is 190-195 HV 0.01.
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Figure 6 — Characteristic microstructures of titanium VT1-0 after various types of processing: a — as-received state; b — after annealing
at 550 °C; ¢ — alloy in as-received state + IPN (550 °C, 5 h); d — alloy after annealing + IPN (550 °C, 5 h)

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 o-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 a-Ti is transformed into a low-nitrogen phase
TiN, ,, with the HCP lattice to the isomorphic lattice
of a-Ti. When the ion nitriding temperature rises to
620 °C, the formation of &-Ti,N and n-Ti,N,_ 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 o-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
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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 pum thick containing a solid nitrogen
solution in the HCP matrix a-phase lattice. The micro-
hardness of the nitrogen-modified surface layer of the al-
loy increases to 200220 HV 0.05 compared to the initial
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Figure 7 — Fragments of X-ray diffractograms (CoK,) 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; ¢ — 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)
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Figure 8 — Fragments of X-ray diffractograms (CoK,) 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 pm (a) and 20-25 pm (b)

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 um deep containing the low-nitrogen phase TiN, ,,

isomorphic to a-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.
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Hccnedosano cmpykxmypro-ghasosoe cocmosinue mextuueckoeo mumara mapox BT1-00 u BT1-0 6 ucxoo-
HOM COCMOAHUY U NOCTIe PA3TUUHBIX 8U008 HUZKOMEMNEPAMYPHO20 UOHHO20 A30Muposanus. B ucxoonom
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cocmosinuu cnaagvl BTI1-00 u BT1-0 umerom oonoghazuyro cmpykmypy o-Ti ¢ eeKcacoHanbHol nI0mMHO-
VNAKOBAHHOU Kpucmaniuieckou peuwemxoil. Teepoocms mumana cocmaengem 140—150 HV 10. Iloxaza-
HO, 4mo uoHHo-yuegoe azomuposanue cniasa BT1-00 npu nonudscenuvix memnepamypax 350 u 450 °C
npusooum K (opMUpOBAHUI0 MOHKUX (00 5 MKM) YUPOUHEHHBIX A30MOM Cl0€8, UMEOWUX meepoochb
160—180 HV 0,05. B pezynomame uonHou umniaumayuu npu memnepamypax 500 u 550 °C 6 nogepxnocm-
HBIX C0AX mumanogozo cniasa BTI1-00 ¢opmupyemcs moouduyuposanrwviil azomom ciol ¢ MuKpomeep-
docmuio 190-220 HV 0,05, codepoicawguii meepowviii pacmeop azoma 6 mampuunou ¢gasze o-Ti. Umnianma-
yus asomom cnaasa BT1-00 npu memnepamype 620 °C npuooum x 00pa308anut0 8 NOGEPXHOCHHOM Cloe
numpuoos mumana TiN, ,, e-Ti,N, n-Ti;N, .. Muxpomeepoocms obpabomannozo uonamu asoma npu 620 °C
mumara BT1-00 eo3pacmaem 0o 360 HV 0,05. B ciyuaem uonno-niazmennoeo azomuposanus (MI14) mu-
mana BT1-0 npu 550 °C 6 meuenue 5 u 6 e20 NOBEPXHOCHHOM C10€ PecUCMPUPYemcs MOOUDUYUPOBAHHBI
azomom cnotl 2nyounot 0o 20 mxm, cooepacawuii usomoppuvie pazvl.: o-Ti u numpuod mumana TiN,, ;. Mux-
pomeepoocms noogepeHymoeo UI1A mumarosozo cnaasa BT1-0 cocmasnsiem 190 HV 0,01.

Knrouesvie cnosa: mexuuueckuii mumar, UOHHO-IYHe80€ A30MUPOBAHUE, UOHHO-NIIASMEHHOE A30MUPOBAHLE,
MOOUPUYUPOBAHHBLIL CLOU, MEepOblll PACMEOD, HUMPUOLL MUMAHA, MUKPOMEEPOOCHb
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