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GAS NITRIDING OF THE NEAR-BETA-TITANIUM ALLOY

The present research investigates the nitriding kinetics of the near-beta-titanium alloy of Ti-Al-Nb-Fe-Zr-Mo-V system at
750, 800, and 850°C in gaseous nitrogen at 10° Pa for 2, 4, and 8 h. The parabolic coefficient k, of the layer’s growth rate and the
nitriding activation energy £ are set as the kinetic parameters of the nitrided layer’s growth. The activation energy for the formation
of a nitride layer is ~108 kJ/mol. The authors discuss the morphology of the nitride layers as well as their roughness and surface
hardness. The study determines the effective diffusion coefficient for the growth of diffusion layers in the temperature range of
750...850°C: D, = Dy * exp (—E/RT), where Dy = 0.0177 m?%/s; E = 215.7 klJ/mol. The friction coefficient of the disk from near-
beta-titanium alloy with a bronze block is lowered by significantly more than 10 times after gas nitriding, and the temperature in

the friction zone is reduced by 2.5 times.
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1. Introduction

The most widely used materials in aeronautical, engineer-
ing, and biomedical application are biphasic high strength near-
beta-titanium alloys due to their high specific strength [1-4].
Fuselage parts, wings, chassis, control system parts, aircraft
power elements, including welded parts, fasteners, and the like
are fabricated from such alloys [1,3]. However, the reliability
of titanium alloy parts in manufacturing is generally limited not
only by the material’s strength but also by its low tribological
properties [5].

A number of works describe different methods of nitrid-
ing [6], lon Nitriding [7], Plasma Nitriding [8], Laser-Assisted
Nitriding [9], Gas-Blow Induction Heating Nitriding Method
[10], Electron-Beam Vacuum Nitriding [11], Physical Vapor
Deposition (PVD) [12] and Chemical Vapor Deposition (CVD)
methods [13] and Gas Nitriding [6]. The main difference of these
methods from traditional gas nitriding in most cases is that the
nitride layer is formed from the surface outward, while in gas
nitriding the nitride layer is mainly formed with the involvement
of the inner layers of the metal being processed. Traditional dif-
fusion nitriding remains a promising, efficient, and economically

reasonable method of thermochemical treatment among the other
surface hardening methods that increase the wear and fretting
resistance of titanium alloys [ 14-16]. This method is technologi-
cally simple, provides stable physicochemical characteristics of
treated surfaces, has no other technological operations, is easily
reproduced, and allows the processing of complicated shape
details. The formation of transitory diffusion layers during gas
nitriding ensures the strong adhesion of the surface nitride layer
to the matrix. Nitriding may be used in the thermal treatment of
parts made of near-beta-titanium alloys as needed [17]. In our
study, we tried to obtain the maximum effect from surface treat-
ment (nitriding) with a minimum effect on the structure of the
metal volume. That is, to obtain hardened near-surface metal
layers with acceptable characteristics at temperatures below the
temperature of o <> S polymorphic transformation, i.e. in our
case below a temperature of 850°C. Thus, our results show that
nitriding at temperatures of 750-800°C for up to 8 hours forms
an acceptable hardened layer with minimal effect on the matrix
microstructure. Also, such nitriding modes can be integrated
with hardening heat treatment of products from such an alloy,
as was shown in the works [6,18]. As a result, the objective
of this study is to look into the regularities of surface hardening
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of high-strength near-beta-titanium alloys from the Ti-Al-V-Mo-
Zr-Fe-Nb system after thermochemical treatment in nitrogen at
10° Pa for 2, 4, and 8 h at 750, 800, and 850°C.

2. Material and methods

TABLE 1 presents the chemical composition and mechani-
cal properties of experimental high-strength (B-rich a + - or
near-beta- because the coefficient of stabilization of the beta
phase is MoE = 1.72...5.21, according to [1]) titanium alloy
(named FTO1 below) of the Ti-Al-Nb-Fe-Zr-Mo-V alloying
system (manufactured by the People’s Republic of China). To
study the kinetics and structural state of the metal, X-ray and
durometric studies, flat samples of 15x10x1 mm were used.
At least 7 samples per point were used in the nitriding kinetics
study. To determine the friction coefficient, the disk samples with
outer diameter of 38 mm and a thickness of 10 mm were used.

For nitriding, the researchers used vacuum heat treatment
equipment with controlled gas environments. The saturation tem-
perature was 750°C, 800°C, and 850°C, respectively. Saturation
durations were 2, 4, and 8 h. The pressure of nitrogen was 10° Pa.
During the heating stage, specimens were heated to a nitriding
temperature in a 1x107> Pa pressure to remove natural oxide
films and prevent new ones from forming. The heating rate was
2.5°C/min. After isothermal soaking in nitrogen, samples were
cooled to 500°C in nitrogen in the furnace (at an average cooling
rate of 1.68°C/min) before the system was degassed. The used
nitrogen gas was of technical grade purity, including no more
than 0.4 vol.% oxygen and no more than 0.07 g/m® water vapor.
Nitrogen was routed through the silica gel capsule and titanium
chips, which heated to 50°C above nitriding temperature, before
being injected into the furnace’s reaction space.

The samples were weighed to a precision of +0.0001 g on
analytical balances OHAUS Voyager V 10640. The researchers
determined the phase composition of the alloy’s surface layers
after nitriding through X-ray phase analysis using a DRON-3.0
X-ray diffractometer in monochromatic Cug,-radiation with
Bragg-Brentano focusing. The anode of the x-ray tube had a volt-
age of 30 kV and a current of 20 mA. Special software programs
helped identify the position of the diffraction peaks and compare
them to JCPDS-ASTM data for the Fourier diffraction.

The surface roughness of alloy specimens was measured
before and after nitriding using a profilometer model 176021 with

automatic determination of the arithmetic mean deviation of the
profile Ra (um) by GOST 2789-73. The researchers prepared
metallographic specimens of nitrided titanium alloy accord-
ing to the standard method for microstructural and durometric
measurements; the structure was detected by etching Kroll’s
reagent (3 ml HF, 6 ml HNO; in 100 ml distilled water). The
authors were using an EPIQUANT microscope with an eTREK
DCMS520 digital ocular camera and standard software and an
EVO 40XVP scanning electron microscope with an INCA En-
ergy microanalysis system to perform microstructural analyses.

The degree of near-surface nitrogen saturation of the alloy
was determined by measuring the distribution of microhardness
on the metallographic cross-section of the sample using PMT-3M
microhardness gauge under load on the indenter 0.49 and 0.98 N.
The distributions of microhardness over the cross-section of
samples were examined by “beveled sample” sections, which had
been cut at a ~15° angle, enabling the hardened zone to expand
three times and therefore improving parameter determination ac-
curacy. The depth of the hardened layer was taken the thickness
of the metal, which had a higher hardness than the hardness of
the alloy matrix on AH = 0.2 GPa.

The authors conducted tribotechnical analyses on a 10,000 m
base using an SMC-2 friction machine and the “block-on-ring”
scheme with a specific load of 0.6 MPa and a sliding speed of
0.625 m/s. Disks of FTO1 alloy were tested, the surface of which
had no strengthening and was hardened by nitriding. BrAZhN
10-4-4 deformed bronze was used to make the block. The friction
pair was lubricated by immersing it in a cuvette with AMG-10
aviation hydraulic fluid (TU U 23.2-20574128-066:2007). The
wear resistance of hardened alloy was measured by weighing it
on Voyager (OHAUS) balances to evaluate the changes in fric-
tion coefficient and mass during friction by GOST 23.224-86.

3. Results and discussion

The alloy samples have two-phased lamellae and textured
structures in their initial state (Fig. 1a, b). During the fabrica-
tion of the semi-finished product, a minimal hardness gradi-
ent is formed in the thin surface layers H® = 382419 HV 4
(3.7440.18 GPa) and H® =374+15 HV 95 (3.66+15 GPa). The
matrix had a hardness of H" =433+29 HV 49 (4.24+0.28 GPa).
In the production of pipe blanks, to prevent oxidation and reduce
friction during rolling, as a rule, protective lubricants are used,

TABLE 1
The chemical composition and mechanical properties of FT01 titanium alloy
The chemical composition, mas. %
Alloying elements Impurities, not more Base

Al Nb Fe Zr Mo \Y 0, H, N, Ti

5.0...6.5 2.5...4.0 1.5...2.5 0.5...2.5 1.0...2.0 1.0...2.0 0.1 0.01 0.05 balance
The mechanical properties
Thermal Ultimate Tensile Strength Yield stress o o 2

treatment oyrs, MPa oy, MPa 9, % v, % KCU, J/em
Annealing 1100...1250 1000...1200 15 35 30




Fig. 1. The structure of the FTO1 alloy’s near-surface layers (a, ¢) and matrix (b, d) in the initial state (a, b) and after vacuum annealing (¢, d)

which are removed by chemical pickling, and intermediate an-
nealing, as a rule, are vacuum annealing to remove hardening
of metal. As a result of such operations, the surface layer of
the metal of the pipe billet may lose an insignificant part of the
alloying elements, which leads to a somewhat lower hardness
compared to the hardness of the matrix. Homogenizing annealing
eliminates this effect in general.

The samples were annealed at 800°C in a vacuum for 2 h
to create the initial phase-structural state (removal of hydro-
gen, structure homogenization and stabilization, and complete
removal of residual stresses). Fig. 1c, d shows the structure of
the samples after annealing. The surface microhardness was
H*=362+10 HV 49 (3.55+0.10 GPa) and H* = 361+15 HV ¢4
(3.54+0.15 GPa) after annealing, at the matrix hardness was
H™ = 376+13 HV 49 (3.68+0.13 GPa). Hardened layers are
formed as a result of nitrogen dissolving in the matrix and chemi-
cally reacting with titanium alloy, and it includes a surface phase
film (TiN, and Ti,N nitrides) (Fig. 2, zone /) and a diffusion
zone (nitrogen dissolution in titanium, Fig. 2, zone 5), which
is observed between the nitride layer and the alloy matrix, as
confirmed by X-ray, metallographic, and microhardness tests.

After nitriding in the tested temperature range (750...850°C)
and exposure time frame (2...8 h), the surface of the alloy ac-
quires a light golden color due to the nitride film. According
to X-ray phase analysis, the film consists of the basic titanium
nitrides — d-nitride TiN, and e-nitride Ti,N (Fig. 3). No data on
the formation of nitrides of other compositions or alloying ele-
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Fig. 2. The structure of surface and near-surface hardened layers on
FTO1 alloy after nitriding (diagram): / — the layer of nitride (Atin+Tion);
2 —the layer of the solid solution of nitrogen in o-titanium (4,); 3 — the
layer of the solid solution of nitrogen in a + § titanium with structural
changes (Ag); 4 — the layer of the solid solution of nitrogen in the metal
without any obvious structural changes; 5 — the metal layers hardened
by nitrogen in general (1;); 6 — alloy matrix (the red curve indicates
the distribution of microhardness across the section)

ments currently exists. Titanium nitride TiN, is characterized by
a low number and intensity of reflections in diffraction spectra
taken from the sample’s nitrided surface. Temperature and nitrid-
ing duration increases the density and intensity of reflections.
After 8 h of exposure, the cubic lattice parameter of TiN, on the
surface of the samples increases from 0.4255 to 0.4260 nm as
the temperature rises from 750 to 850°C. As saturation time at
850°C extends from 2 to 8 h, the TiN, cubic lattice parameter
increases from 0.4257 to 0.4260 nm.
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Fig. 3. The resulting diffraction data recorded from the surface of the FTO1 titanium alloy after nitriding at nitrogen pressure Py, = 10° Pa for the
following temperatures and periods: @ — 750°C, 8 h; b — 800°C, 8 h; ¢ — 850°C, 8 h; d — 850°C, 2 h; e — 850°C, 4 h
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The diffraction spectrum of lower titanium nitride Ti,N was
dominated by lines (111) (20 =39°12") and (002) (260 = 60°36")
(See Fig. 3). The researches note that nitride prefers to be ori-
entated in the [002] direction; this inclination increases with
nitriding temperature and duration. An increase in the intensity
of nitride phase reflexes occurred against the background of
a decrease in the intensity of o-titanium phase reflexes. This
phenomenon shows that raising the temperature-time parameters
of nitriding causes the nitride film to thicken.

The thickness of the nitride film after nitriding in the studied
temperature-time parameters is 1...5 pm, according to the results
of the metallographic analysis. The growth of the nitride layer
Jrinetion (Fig. 4) follows the parabolic law (Arinstion)* = k,xt,
where £, is the constant of the nitride layer’s parabolic growth
rate, pm>/h, and 7 is the time, h. Arrhenius’ law [7,10] defines
the temperature dependence of the parabolic growth rate of the
nitride layer as k, = ko> exp(—£/RT), where k; is the before-
the-exponential coefficient, um?/h; E is the process activa-
tion energy, J/mol; R is a gas constant, R = 8,314 J/(Kxmol);
T is the temperature, K. This calculation allows one to estimate
the activation energy of nitride layer growth at nitrogen pres-
sure of 10° Pa and temperatures ranging from 750 to 850°C
(Fig. 5). The calculated activation energy of nitride layer growth
is £ = 108 kJ/mol, and the before-the-exponential coefficient
is ko = 8x10° pm?/h.

The formation of a specific surface topography (a relief
grid that repeats the grain boundaries of titanium matrix) on
the surface of FTO1 alloy specimens during gas nitriding de-
grades its quality (Fig. 6). Parameter Ra, the arithmetic mean
deviation of'the surface profile, rises as the nitriding temperature
and isothermal soaking duration grow (TABLE 2). Moreover,
in the studied temperature-time range of nitriding, the maxi-
mum Ra values were recorded at the maximum temperature-
time parameters of processing. The initial surface roughness
Ra = 0.08...0.16 pm of samples, which corresponds to the 10"
class of surface roughness, worsened after nitriding at 850°C
in the studied time range (surface quality deteriorates by two
classes). Surface roughness within one class tends to worsen
after no more than 4 h of nitriding at 750°C. Greater exposure
decreases the surface quality of another class. After nitriding at
800°C, a similar dynamic is observed: the surface roughness is
increased by one class (9...8 vs. 10...9, TABLE 2). Thus, increas-
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Fig. 4. Growth kinetics of a ArjnsTipn nitride layer on FTO1 titanium
alloy in interaction with gaseous nitrogen at 10 Pa and temperatures:
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Fig. 5. Determination of activation energy of nitride layer growth on
FTO1 titanium alloy

ing the temperature from 750 to 850°C over an 8-hour nitriding
exposure increases surface roughness significantly more (by two
classes) than increasing the isothermal soaking duration from 2
to 8 h at the same temperatures (on the one class).

The microhardness of the metal surface after nitriding (TA-
BLE 3) rises as the nitriding temperature-time parameters grow
and is higher at 0.49 N than at 0.98 N, demonstrating a gradient
of surface hardening specific to diffusion processes. Under the
studied temperature-time parameters, the alloy surface micro-
hardness is within 7...16 GPa after nitriding.

Fig. 6. Surface micrograph of FTO1 titanium alloy after nitriding at nitrogen pressure Py, = 10> Pa and process temperatures and durations: a —
750°C, 4 h; b—800°C, 4 h; ¢ — 850°C, 4 h



TABLE 2

The arithmetic mean deviation of the FTO1 titanium alloy’s surface
profile Ra (um) and roughness class after nitriding
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TABLE 3

The microhardness of the surface (H*, GPa) of FTO1 titanium alloy
depending on the temperature and duration of nitriding

Duration, Parameters Temperature,°C

h 750 800 850

) Ra, pm 0.143 0.244 0.548
roughness 10 class 9 class 8 class

4 Ra, pm 0.159 0.259 0.535
roughness 10 class 9 class 8 class

g Ra, pm 0.168 0.356 0.576
roughness 9 class 8 class 8 class

Duration | Measure- | The microhardness of the surface (H*, GPa)

of ments for after nitriding at temperature,C
nitriding, h | load, N 750 800 850

5 0.49 8.20+0.42 856041 [12.28+0.90

0.98 7.58+0.72 | 7.95+0.37 | 9.91 £0.47

4 0.49 8.64 £ 0.55 9.22+0.54 [12.57+0.94

0.98 7.60+0.30 | 8.69+0.36 |10.18+0.84

g 0.49 9.23+0.28 | 11.17+0.84 |15.65+0.51

0.98 7.70+£0.60 | 10.13+0.57 | 13.04 + 0.54

As the temperature and saturation parameters grow, the dif-
fusion layer (the layer of solid nitrogen solution in titanium, Ay
in Fig. 2, zone 5) enlarges, as determined by the microhardness
test. Its structurally sensitive components 4, and g, the sizes of
which were metallographically analyzed, thicken in a similar
fashion (Fig. 7). The near-surface structural elements (Fig. 7)
and alloy matrix elements (Fig. 8) also enlarge after saturation
at temperatures of 750 and 800°C. By analogy with other meta-

1

parameters of nitriding: 2h—a, b, c;4h—d, e, f;8h—g h, i

stable titanium alloys, the temperature of the polymorphic o <> f
transformation for the alloy under study is ~800...850°C [19], as
evidenced by the characteristic change in the microstructure of
the alloy matrix after heat treatment at 850°C. The alloy matrix
has a basket weaving structure after saturation at 850°C.

The growth kinetics of gas-saturated layers, as a result
of nitrogen diffusion dissolution in titanium, follow the clas-
sic diffusion law [20]: /2 = Dx (Fig. 9), where / is the dif-

Fig. 7. The structures of near-surface layers of FT01 alloy depend on the temperature: 750°C — q, d, g; 800°C — b, ¢, h; 850°C — ¢, f, i and time



Fig. 8. The structure of FT01 alloy matrix depends on temperature: 750°C —a, d, g; 800°C — b, e, h; 850°C — ¢, f, i and time parameters of nitrid-

ing:2h—a b, c;4h—d e f;8h—g h i

fusion distance, D is the nitrogen diffusion coefficient in the
alloy, and 7 is the diffusion time. The authors determined the
effective nitrogen diffusion coefficient in the FTO01 titanium
alloy using the Arrhenius law (Fig. 10) and the kinetic de-
pendences: D,r = Dy* exp(—E/RT), where Dy = 0.0177 m?/s;
E=215.7kJ/mol. The effective diffusion coefficient parameters
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Fig. 9. The kinetics of hardened near-surface layer growth on FTO01
titanium alloy by nitrogen gas interaction at temperatures: 1 — 750°C;
2 —800°C; 3 — 850°C; 4 — the classic parabolic law curve

are comparable with those published by Zhecheva et al. [21] and
nitrogen diffusion in f-titanium [22]. The depth of hardened
layers after nitriding in the studied temperature-time range of
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Fig. 10. The temperature dependence of the effective nitrogen diffusion
coefficient in FTO1 titanium alloy at 10° Pa of nitrogen gas pressure



parameters is 30...220 um, according to the results of the duro-
metric analysis. In addition to the surface hardness and depth
of the hardened zone, the distribution of microhardness at the
section of near-surface hardened layers demonstrates the level of
surface hardening after diffusion saturation with nitrogen. As the
temperature-time saturation parameters increase, the microhard-
ness distribution curves migrate to the range with higher hardness
values: the increase in hardness is higher with growing saturation
temperature than with increasing exposure time (Fig. 11).

The gas nitriding (800°C, 8 h) of FTO1 alloy discs for tri-
bological tests in combination with a bronze block strengthens
near-surface layers and changes the roughness and microhardness
parameters of disc friction surfaces (see TABLE 4). The friction
coefficient is lowered by significantly more than 10 times and
the temperature in the friction zone is reduced by 2.5 times as
aresult of gas nitriding FTO1 near-beta-titanium alloy (Fig. 12).

TABLE 4

The roughness (Ra) and microhardness (HV 49) parameters
of friction surfaces of FTO1 alloy discs before and after 8 h
of gas nitriding at 800°C

Ra, pm HVO’49, GPa
Before Nitriding | After Nitriding | Before Nitriding | After Nitriding
0,19+0,05 0,25+0,03 3,5+0,1 11,3+0,05
8 9
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4. Summary and conclusions

The researchers establish the surface hardening regularities
of the near-beta-titanium alloy of the Ti-Al-V-Mo-Zr-Fe-Nb
alloying systems after nitriding in gaseous nitrogen at 10° Pa
pressure in the temperature range 750...850°C for a duration
of 8 h. After nitriding in the studied temperature-time parameters,
a 1...5 pm thick nitride layer is formed on the alloy’s surface,
consisting of nitrides of the parent metals TiN, and Ti,N. The ac-
tivation energy for the formation of a nitride layer is ~108 kJ/mol.
The surface roughness of the alloy degrades more strongly (by
two roughness classes) at nitriding temperatures increased from
750 to 850°C than when saturation time is increased from 2 to 8 h
(by one roughness class). The microhardness of the alloy surface
is within 7...16 GPa after nitriding at the studied temperature-
time parameters. In the studied temperature-time parameter
range, the depth of hardened (diffusion) layers after nitriding of
the near-beta-titanium alloy of the Ti-Al-Nb-Fe-Zr-Mo-V system
15 30...220 pm. This layer’s growth is controlled by the parabolic
law. For the near-beta-titanium alloy of the Ti-Al-Nb-Fe-Zr-
Mo-V alloying systems in the studied temperature-time range,
the temperature dependence of the effective nitrogen diffusion
coefficient in the alloy was calculated as D, = Dy x exp(-E/RT),
where D, = 0.0177 m?/s; E = 215.7 kJ/mol. The friction coef-
ficient of the disk from FTOl near-beta-titanium alloy with
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Fig. 11. The distribution of microhardness in the near-surface layers of FT01 titanium alloy after nitriding for 2 h (@), 4 h (b), and 8 h (¢) at tem-

peratures: / — 750°C, 2 — 800°C, and 3 — 850°C
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Fig. 12. The friction coefficient and temperature in the friction zone of an FTO01 disk with a bronze block are before (@) and after (b) nitriding
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a bronze block is lowered by significantly more than 10 times
after gas nitriding, and the temperature in the friction zone is
reduced by 2.5 times.
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