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Abstract–The paper analyzes the effect of isothermal holding time during air-atmosphere heating in and the
nitride deposition in a vacuum on the regularities of the oxide and nitride coatings formation on VT6 titanium
alloy. The kinetics of coating dissolution was studied during subsequent high-temperature vacuum annealing.
The operation principle of oxide and nitride as a “barrier” coating is shown when creating a unidirectional
gradient structure using thermal hydrogen treatment. It is shown that the creation of a finely dispersed surface
structure using thermal hydrogen treatment makes it possible to increase hardness up to 40.5 HRC compared
to the bulk hardness (33.5 HRC).
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INTRODUCTION
Usually, the formation of the structure and proper-

ties of semi-finished products occurs during their
deformation and subsequent heat treatment. At the
same time, in terms of the mechanical properties level,
such a structure does not always satisfy the required
properties of products, therefore it is necessary to
carry out additional processing [1–3]. For example, in
products experiencing cyclic or dynamic loads during
operation, a surface transformation of the structure is
necessary, with a smooth transition from one type of
structure on the surface to another type in the center
[4–7]. One of the innovative ways to create such struc-
tures can be thermal hydrogen treatment based on
reversible hydrogen addition [8–11]. Due to the dif-
ferentce of diffusion mobility between the hydrogen
atoms and the main alloying elements, a finely dis-
persed surface structure is created in the a semi-fin-
ished product or product, and an unchanged lamellar
structure remains in its center. In a series of works
[12–15], the possibility of using thermal hydrogen
treatment for surface structure shaping of a semi-fin-
ished product was shown. This made it possible to
double the material endurance limit, compared to the
cast state, while the impact strength decreased by only
15%. But for products experiencing dynamic loads, it
is necessary to create surface “unidirectional” gradi-
ent structures, which requires temporary “protection”
of the remaining sides of the semi-finished product
from hydrogen penetration [1, 2, 7, 16].

An oxide film that forms on the titanium surface
during natural oxidation gives it high corrosive proper-
ties and protects against the penetration of gases, in
particular hydrogen. However, when heated in vac-
uum above 600°C, it dissolves, which leads to volu-
metric saturation of the alloy with hydrogen [8, 9]. It
is known from the literature [17–19] that “artificially”
grown oxide films can also be created on the surface of
titanium alloys, for example, during microarc oxida-
tion, which prevents the penetration of hydrogen. An
alternative method for “isolating” the sides of a semi-
finished product from hydrogen penetration can be
nitride coatings formation [20–22]. However, studies
on the effect of high-temperature vacuum heating on
nitride coatings on titanium alloys have not been car-
ried out.

This work is a continuation of the research carried
out by the authors in this direction [23, 24]. The stud-
ies were carried out on VT6 titanium alloy, one of the
most commonly used in Russia (VT6s, VT6k, VT6ch)
and abroad (Ti64, IMI318, TC4, SAT-64) [25]. These
works determined the “protective” properties, advan-
tages and disadvantages of oxide coatings during one-
sided hydrogen-addition. The principle of coatings
operation is shown when creating “unidirectional”
gradient structures.

The purpose of this work was to carry out a com-
parative analysis of various methods of “protection” of
the semifinished products surface made of VT6 alloy
1176
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Fig. 1. Exterior of oxide (a,b) and nitride (c,d) coatings after isothermal holding (a,c) and vacuum annealing at 800°C for 1 hour
(b,d).

(а) (b) (c) (d)
to create “unidirectional” gradient structures in them
using thermal hydrogen treatment.

EXPERIMENTAL
Investigations were performed on the samples cut

from 12.5 mm thick industrial manufactured hot-
rolled plate made of VT6 titanium alloy. The chemical
composition of the board met the requirements of the
GOST 19807-91 standard [26].

Heat treatment in an air atmosphere and in a vac-
uum was carried out in an electric furnaces SNOL-
2.2.5.1,8/10-I3 and Vega-3M, respectively. Titanium
nitride deposition was perfomed in Bulat-6 device.
The thickness of the oxide coating was determined by
measuring the microhardness on narrow-cut samples.
The thickness of the nitride coating was determined
using a Calotest thickness gauge by ball abrasion.

Addition of hydrogen was performed in Sieverts
device in a molecular hydrogen atmosphere. The
amount of added hydrogen was determined by weight
gain with an accuracy of 0.0001 g. The amount of
residual hydrogen was determined by the spectral
method on an ISP-51 spectrograph device with an elec-
tronic analytical attachment MORS-1/2048/PCI.

Microstructures were investigated using a Cals
Zeiss Axio-Observer.A1m graphic microscope at up to
×1000 magnification. The hydrogen penetration
depth was determined on metallographic specimens
by the change of microhardness and a load of 50 g.
Each measurement line contained 50 measures with
100 μm gap between. Hardness was determined by the
Rockwell method using a Macromet 5100T device in
accordance with GOST 9013-59.

RESULTS AND DISCUSSION
In the initial state, the structure of a plate made of

VT6 alloy is homogeneous and represented by the
β-phase and partially deformed lamellar α-particles.
To form a coarse lamellar α-structure, all samples
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were annealed in the β-region. The resulting structure
is also homogeneous in cross section and is repre-
sented by large β-grains surrounded by α-border with
α-plates located inside, collected in a colony.

At the first stage of the work, the effect of isother-
mal holding time during air atmosphere heat treat-
ment and vacuum ion-plasma treatment on the dura-
bility and thickness of coatings formed on VT6 tita-
nium alloy samples was investigated. Based on our
own earlier studies [20, 21, 23] and taking into account
the provision of good adhesion strength of protective
coatings, oxidation was carried out at a temperature of
900°C, for 1 to 4 hours, and nitride deposition at
400°C, for 5 up to 30 minutes.

A visual inspection of the samples surface after oxi-
dation and nitride deposition showed that continuous
defect-free oxide and nitride coatings of characteristic
brown and golden-yellow colors are formed, respec-
tively (Fig. 1). An increase in the isothermal holding
duration does not significantly affect the quality and
color of the coatings.

Measurement of the coating thickness showed that
on all six sides the thickness of the oxide coating was
approximately the same. An increase in the oxidation
time from 1 hour to 4 hours leads to an increase in its
thickness by about 2 times (Fig. 2a). It should be noted
that during the oxidation process, not only the oxide
scale forms, but also the alpha layer of the α-phase
solid solution of the saturated with oxygen. It was
found that the nitride coating thickness on one side is
approximately 1.7 times less than on the other five
sides (Fig. 3a). Such a significant difference in the
thickness of the forming coating is associated with the
orientation of the sample relative to the cathode
during deposition. An increase in the deposition time
from 5 minutes to 30 minutes leads to an increase in
the coating thickness by 3.7 times (Fig. 3a).

The first stages of the hydrogen addition take place
in a vacuum: the samples were placed in vacuum,
heated to a predetermined temperature, and isother-
mal holding is carried out to bring the system into
l. 66  No. 8  2021
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Fig. 2. Thickness of oxide and alpha layers after different duration of isothermal oxidation (a) and after vacuum annealing at
800°C for 1 hour (b).
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Fig. 3. Thickness of the nitride coating after different duration of isothermal deposition (a) and after vacuum annealing at 800°C
for 1 hour (b). 

Side number, τ deposition

h, μm

0.69±0.01

2−6

5 min

0.4±0.01

1 

1.81±0.01

2−6

20 min

0.8±0.01

1 

2.66±0.01

2−6

30 min

1.5±0.01

1 
0

0.5

1.0

1.5

2.0

2.5

0.65±0.01

2−6

5 min

0.38±0.01

1 

1.78±0.01

2−6

20 min

0.79±0.01

1 

2.63±0.01

2−6

30 min

1.48±0.01

1 

(b)(a)
equilibrium. Therefore, to assess the resistance of the
formed “protective” coatings, all samples were sub-
jected to vacuum annealing at 800°C for 1 hour.

Analysis of the results obtained showed that vac-
uum annealing leads to partial dissolution of the oxide
coating formed during isothermal holding at 900°C for
1 hour, and to its complete retention after holding for
4 hours (Fig. 1a). After vacuum annealing, an increase
in the length of the oxidized layer from 20 to 40% is
observed (Fig. 2b). This is due to the diffusion of oxy-
gen deep into the metal. At the same time, processing
in vacuum does not affect the samples exterior (Fig. 1d)
and the thickness of the nitride coating during deposi-
tion for different durations (Fig. 3b).

Thus, it has been established that the best protec-
tive properties are possessed by an oxide coating
formed during isothermal holding in an air atmo-
sphere at a temperature of 900°C for 4 hours. As for
nitride coatings, the application time does not affect
their durability during subsequent processing in vac-
uum. Therefore, to assess the ability of oxide and
nitride coatings to “resist” the penetration of hydro-
RUSSIAN JOURNAL O
gen, coatings formed in the course of 4-hour oxidation

at 900°C and 30-minute nitride deposition at 400°C

were chosen.

The choice of the temperature and hydrogen

amount for hydrogen addition was carried out on the

basis of the previously obtained fundamental regulari-

ties of its interaction with titanium alloys of different

classes [8, 9], as well as taking into account the pecu-

liarities of its one-sided absorption. Therefore, hydro-

gen addition up to 0.3–0.5% was carried out at a tem-

perature of 800°C. Before the start of the hydrogen

addition, the oxide coating with an alpha layer and the

nitride coating were removed from one side of the

sample by mechanical processing. It should be noted

that in case of oxide scale removal, the choice of the

side was not important, while in case of nitride coating

removal it was removed from the side having the

smallest thickness. In order to prevent the diffusion of

the main alloying elements and the redistribution of

hydrogen, accelerated cooling was carried out imme-

diately after the completion of the absorption process.
F INORGANIC CHEMISTRY  Vol. 66  No. 8  2021
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Fig. 4. Change in the depth of hydrogen penetration from the “protection-free” (a, c) and “protected” (c, d) with oxide (a, c) and
nitride (b, d) coatings samples sides.
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The analysis of the distribution of microhardness
over the sample cross section after hydrogen addition
showed that with an increase in the concentration of
introduced hydrogen, the depth of its penetration
from the oxide-free or nitride-free sides changes
according to a parabolic dependence (Fig. 4). More-
over, the depth of the transformed structure is greater
on a sample with a nitride “protective” coating,
regardless of the same amount of added hydrogen
(Figs. 4a, 4b). The mode of hydrogen addition pro-
vides conditions under which almost all hydrogen is
concentrated in the near-surface layer of the sample;
therefore, the transformation of the structure does not
occur over the entire section, but only to a certain
depth (Fig. 5). Therefore, as the distance from the sur-
face deeper into the samples, due to a decrease in the
hydrogen content, a sequential change of structures
occurs: (α′′ + β)-, (α′′ + β + α)-, (α + β)-, i.e. a “uni-
directional” or “linear” gradient structure is formed.
Thus, on a sample with a “protective” oxide coating at
a depth of 4000 μm and with a nitride coating at a
depth of 6000 μm, the structure does not differ from
the annealed state (Fig. 5).

The study of the structure of the “protected” by the
oxide barrier coating sample sides showed that already
at a depth of 100 μm from the surface of the samples
preliminarily hydrogenated up to 0.3 and 0.4% a (α +
β)-structure is formed, which indicates an almost
complete the absence of hydrogen penetration (Fig. 4c).
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
And an increase in the hydrogen amount up to 0.5%
leads to the partial dissolution of the oxide coating and
the penetration of hydrogen and, as a consequence, to
the formation of a (α′′ + β)-structure to a depth of 1000
μm. Probably, this is the reason for the significantly
smaller increase in the thickness of the transformed
structure on the oxide-free side at 0.5% hydrogen as
compared to 0.4% hydrogen (Fig. 4a).

Investigation of the structure and measurement of
microhardness on samples from the sides “isolated”
with a nitride coating and preliminarily hydrogenated
up to 0.3 and 0.4% hydrogen showed similar results.
No hydrogen penetration through the nitride layer was
found (Fig. 4d). At a amount of 0.5% hydrogen,
although its penetration is observed, its depth is no
more than 200 μm (Fig. 4d). It can be assumed that in
order to increase the “protective” properties of the
nitride coating at high hydrogen concentrations, it is
necessary to increase its thickness by increasing its
deposition time.

At the final stage of work, in order to remove
hydrogen to safe concentrations (0.006%) and form
the final gradient structure, vacuum annealing was
carried out at a temperature of 625°С on samples with
coatings of both type preliminarily hydrogenated up to
0.4%. All samples were preliminarily subjected to
mechanical treatment to remove the barrier coating.

The studies have shown that in the process of
degassing at low-temperature vacuum annealing, the
l. 66  No. 8  2021
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Fig. 5. Changes in the structure over the depth of the samples after up to 0.4% hydrogen addition at 800°C from the oxide-free
(a) and nitride-free (b) sample sides.
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β → α-transformation develops and a dispersed struc-
ture is formed in the surface layers from the side of the
sample which had coating removed before hydrogen
addition. As the distance from the surface deeper into
the sample, a decrease in the degree of dispersion of
structural components is observed, and at a depth of
4000–6000 μm the structure already differs little from
the its annealed state (Fig. 6). In this case, the hard-
ness of the near-surface layer with a dispersed (α + β)-
structure is about 40.5 units. HRC, and the inner layer
with a constant coarse-lamellar (α + β)-structure pro-
vides a hardness of 33.5 units. HRC. Thus, the formed
unidirectional gradient structure, which changes from
finely dispersed on the surface to coarse-lamellar in
the center, contributes to an increase in the dynamic
stability of the VT6 alloy specimens.

SUMMARY

Thus, the comparative analysis of the “protective”
properties of oxide and nitride coatings showed that
the nitride coating formed during vacuum ion-plasma
treatment, which is 100 times thinner than the oxide
one, practically does not “pass” hydrogen during the
its addition. It should be noted that although the
nitride coating technology is more expensive com-
pared to the oxidation technology, due to its signifi-
cantly smaller thickness, its subsequent removal from
RUSSIAN JOURNAL O
the finished product may not be required. It is shown

that both coatings effectively prevent hydrogen pene-

tration up to concentrations of no more than 0.4%. It

was found that at a hydrogen amount greater than

0.4%, the nitride coating has significantly higher

“protective” properties in comparison with the oxide

coating. The principal possibility of “unidirectional”

transformation of the structure in a plate made of tita-

nium alloy VT6 by means of thermal or chemical-

thermal treatment with hydrogen addition is shown. It

is shown that by varying the amount of the introduced

hydrogen, it is possible to obtain a transformed struc-

ture layer of different depth. It is shown that the cre-

ation of a dispersed structure in the near-surface layers

makes it possible to increase the hardness up to

40.5 units. HRC. Thus, the unidirectional gradient

structure formed by thermal hydrogen treatment in

the VT6 alloy specimens can provide increased tough-

ness and a slower crack propagation rate in the speci-

mens.

ACKNOWLEDGMENTS

The authors express their gratitude to the collective

resource center “Aerospace materials and technologies” of

the Moscow Aviation Institute on the equipment of which

the research was carried out.
F INORGANIC CHEMISTRY  Vol. 66  No. 8  2021



PROTECTIVE COATINGS FORMATION 1181

Fig. 6. Change in the structure along the depth of the sample after vacuum annealing, preliminarily hydrogenated up to 0.4% from
the oxide-free (a) and nitride-free (b) sample side.
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