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LASER TREATMENT OF TITANIUM ALLOYS

The structural and phase states of surface layers of the titanium VT1-0, VT3-1, VT-6
and VT-8 alloys after laser treatment in various gas environments, VT25-U alloy after
twist extrusion and subsequent laser treatment, and VT1-0 alloy after laser alloying
with powders of pure elements Fe, Co, Ni are investigated via the x-ray and metal-
lographic analysis methods. As shown, the mentioned types of treatments lead to an
increase in the surface-layers’ microhardness values. The influence of the surround-
ing gas atmosphere and the titanium-alloy chemical composition on the structure-
formation processes during their laser melting and on the microhardness value of
the treated layers is analysed. The effect of laser treatment of the surface of sintered
single-phase powder titanium VT1-0-type alloys on the porosity level in the melting
zone is investigated. As established, the microhardness in the laser-melting zone of
the VT25U alloy exceeds the samples’ microhardness after heat treatments and twist
extrusion. Therefore, the presented laser surface-treatment modes act as an effective
method of titanium-alloy surface treatment, since they have a qualitative effect on
structure that, in turn, leads to an improvement in the mechanical characteristics of
the surface layers.
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1. Introduction

The successful development of modern science-intensive technologies
involves the use of materials with high physical and mechanical properties.
Such materials include titanium and alloys based on it. The wide use range
of titanium alloys is due to the complex properties inherent in this class
of materials: high specific strength, rather low density, corrosion resistance
in many aggressive environments [1-3]. The production of a whole range
of machine parts and structural elements for responsible purposes is
impossible without the use of Ti-alloys. Their most widespread application
is in aircraft and shipbuilding, cosmonautics, medicine, chemical
engineering, the production of sports equipment, etc. [4—6].

Having a complex of unique properties, titanium alloys are also charac-
terized by several disadvantages that limit their use as structural materi-
als. These include, for example, the high cost of alloys and gas saturation
during high-temperature operations. However, the most serious disadvan-
tages of titanium alloys are low tribotechnical properties, which are caused
by the low hardness and titanium’s tendency to seize during working in
friction pairs. Another feature of titanium is its high chemical activity.
Therefore, during exposure to air, titanium oxidizes at a high rate with
the formation of a thin, dense film, which subsequently ensures its corro-
sion resistance. However, if the film is destroyed in the interaction pro-
cess with another body, the material coefficient of friction increases shar-
ply, which leads to surface layer burrs and accelerated product wear [7].

Thus, their surface strengthening is an urgent task today. Solving
this problem will lead to a sharp expansion of titanium alloys’ scope of use.

Conventionally, all strengthening methods can be divided into two lar-
ge groups: volume and surface. Volume hardening methods include alloy-
ing, heat treatment, rolling, plastic deformation, etc. [8—11]. With such
strengthening, the entire material volume acquires approximately the same
structural changes. It should be noted that alloying and heat treatment
cannot significantly increase titanium-alloys’ antifriction properties.

In many cases, product surface strengthening is more rational: sur-
face alloying, surface hardening or wear-resistant materials surfacing,
protective coatings application, etc. The reason for this is that during the
mechanisms’ operation, the main load falls on the parts’ surface layers
that are in contact with each other. In the case of implementing these
methods, only thin surface layers are strengthened, while the inner mate-
rial volume is not significantly strengthened and remains in a viscous
state, which can have a favourable effect on the products’ reliability. This
approach to solving the strengthening problem allows us to save on expen-
sive alloying components.

Today, many specific methods of titanium alloy surface strengthening
are proposed. The choice of the optimal strengthening technology is based
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on the requirements for the final product during its operation. Titanium,
being in a hot state, tends to be saturated with the interstitial elements:
oxygen, nitrogen, and hydrogen. Therefore, nitriding, oxygen saturation,
and cementation are used to strengthen titanium alloys. One of the main
industrial methods of titanium alloys’ surface strengthening is thermodif-
fusion saturation of the surface layers with nitrogen (nitriding) [12—-18].
Traditional methods of such treatment are usually carried out at tempera-
tures of 1123-1223 K that causes an increase in the grain size, hydrogen
diffusion and, as a result, a deterioration of the product’s mechanical
properties. The main disadvantages of this treatment are low productivi-
ty, high-energy consumption, and insufficient reinforced layer depth. For
obtaining strengthened layers of great thickness, long-term treatment at
elevated temperatures is carried out. The result is a material-structure
coarsening (grain growth) and, as a consequence, a decrease in the alloy
mechanical characteristics [19]. Materials strengthened in this way are not
recommended to be used for the manufacture of responsible-purpose parts.

In addition to chemical and thermal treatment, the application of pro-
tective coatings by sputtering and deposition methods is used to increase
the titanium alloy surface strengthening. The disadvantages of character-
istics of these technologies are the small coatings thickness and the low
level of their adhesive properties [20—22].

Recently, titanium alloys surface strengthening methods based on the
use of concentrated energy sources (high-frequency currents, electron and
laser beams) have become widespread. The main advantages of these
strengthening methods are high rates of material heating and cooling in
the treatment process and high process productivity. At the same time,
electron-beam and laser-treatment (LT) technologies turned out to be the
most common.

The technology of materials treatment with electron beams has been
studied in detail [28—26]. It can be used both for workpieces surface heat
treatment or protective-coatings’ surfacing and for welding structures.
The electron-beam technological capabilities are close to those of a laser,
but electron-beam treatment is carried out in a vacuum. This treatment is
characterized by a high thermal efficiency (up to 0.75), and it allows for
minimisation of the number of pores and cracks formed. One of the main
problems that arise during the powerful electron-beam installation opera-
tion is the need to protect personnel from x-ray radiation.

Laser alloying is one of the promising methods for improving the me-
chanical properties of the titanium-alloys’ surface layers [27—32]. This
perspective exists due to the following factors: significant energy savings,
high process productivity and minimal parts deformation [33]. Compared
to traditional methods, surface modification by using a laser has several
advantages for ensuring the performance of friction-pairs’ surfaces: the
possibility of local treatment of a certain given area, rapid heating and
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cooling of the treatment zone subject, the formation of strong dispersed
intermetallic phases in the laser action zone, etc. [34, 35]. The surfaces’
laser-alloying technology ensures the production of coatings characterized
by a different degree of alloying materials dissolution by the base metal.
The resulting coating is characterized by a high level of adhesive proper-
ties since the matrix material directly participates in the structure forma-
tion process. The coating quality and thickness largely depend on the laser
treatment parameters, the alloying mixture composition and fraction, as
well as on the matrix material composition and properties [36].

Despite the significant scientific-publications’ number in the field of
titanium-alloys’ laser treatment, the number of studies on the structure-
formation processes during such treatment is still insufficient; in particu-
lar, few studies are devoted to treatment using pulsed lasers. However,
the use of a pulsed, for example, YAG laser allows surface treatment with
high (about 10* K/s) heating and cooling rates [37]. As a result, depending
on the laser radiation technological parameters and the gas atmosphere, in
which the treatment took place, significant structural changes can be ex-
pected in the laser action zone: an increase in the dispersion degree of the
structure, a volume ratios redistribution of the o- and B-phases, the for-
mation of supersaturated solid solutions, dispersed oxides or nitrides, a
change in the type of f—a phase transition, etc. [38].

Based on the above, the purpose of this work is to study the structure
formation processes in the titanium-alloys’ surface layers during various
types of pulsed laser treatments of their surface.

2. Materials and Methods

Samples of industrial titanium alloys were selected for research, the di-
mensions of which were not smaller than 10x10x3 mm? (Table 1).

Laser treatment of the samples’ flat surfaces was performed on a
pulsed YAG laser (A = 1.06 nm) at different radiation power densities,
pulse durations, and pulse repetition frequencies in different atmospheres
(argon, nitrogen, air). Laser alloying was carried out in a protective argon
environment using the coating method (binder is BF-6 glue) with 30%

Table 1. Chemical composition of titanium alloys

Chemical composition, mas.%
Alloy
Ti | Al| V | Zr | Mo |[Cr | W | Sn | Si Fe (¢} H N C |Others
VT1-0 |basis| — | — | — | — | —|—| — |0.1]0.15]0.20{0.010/0.04{0.07| 0.3
VT3-1 |basis|5.8| — |0.5(2.8|1.3| — | — |0.3[0.40|0.15/0.015/0.05{0.10| 0.3
VT-6 basis|{6.1/4.0(/0.3| — | — | — | — [0.1]0.60/0.20|0.015(0.05|0.10| 0.3
VT-8 basis|6.3| — [0.5|3.1| — | —| — [0.2]0.30|0.15|0.015(0.05|0.10| 0.3
VT25-U|basis|6.6| — |3.7|3.9| — [1.1|/1.4|0.3|0.15|0.15| 0.01 {0.04(0.10| 0.3
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laser spots overlapping. Pure elements powders of Fe, Co, and Ni with a
fraction size not exceeding 50 um were chosen as alloying components.
The coating thickness was 150 pm. The alloyed layer depth was 150—200 pm.

The phase composition of the samples’ surface layers after various
types of laser treatments was controlled by the x-ray diffraction (XRD)
method (RIGAKU MULTIFLEX, filtered CuK, radiation), the structural
components sizes were determined metallographically (EPIQUANT), the
microhardness distribution by the laser action zone depth and on the sur-
face was determined using a PMT-3.

3. Results and Discussion
3.1. Laser Melting in Different Gas Atmospheres

LT is a high-tech type of thermal impact on the metal-alloys’ surface lay-
ers to improve their physical and mechanical properties. Usually, such
treatment is carried out in an air atmosphere. However, depending on the
chemical activity of the material to be processed, the influence of the sur-
rounding atmosphere can have a significant impact both on the structure
formation processes in the laser action zone (LAZ) and on the treated sur-
face properties. Since titanium is a chemically active metal, at the first
stages, the influence of the surrounding atmosphere on the structure and
some mechanical properties of the surface layers after LT were investi-
gated in different gas atmospheres (argon, air, nitrogen).

Industrial titanium alloys VT1-0, VT3-1, VT-6, and VT-8 were chosen
as materials for research (Table 1).

3.1.1. VT1-0 Alloy

At the first stage, as a model material, technically pure titanium VT1-0
was chosen for research. LT in surface melting mode was carried out with
power density ¢ = 1.2 GW/m?2, pulse duration t = 2.00 ms, and pulse rep-
etition frequency v = 3 Hz.

In the initial state, the samples were single-phase: only reflections
from the a-phase of titanium were detected (Fig. 1, a). After LT in an
argon atmosphere, the phase composition did not change (Fig. 1, b). The
sample treatment in the air atmosphere led to significant changes in the
LAZ phase composition. Three phases were observed: o-Ti, tetragonal ox-
ide TiO, and cubic nitride TiN (Fig. 1, ¢). Laser melting of the samples in
a nitrogen flow made it possible to record reflections from two lattices:
a-Ti and TiN nitride (Fig. 1, d) [39].

The oxides and nitrides formation of a significant amount in LAZ is
easily explained by the enrichment of the melt with oxygen and nitrogen
and the high titanium chemical activity at high temperatures. A rather
noticeable increase in the a-titanium lattice parameters after laser melting
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Fig. 1. XRD-patterns from the surface layers of VT1-0 alloy samples in the initial state
(a) and after LT in Ar (b), air (c¢), and N (d) atmospheres [39]

Table 2. Lattice parameters of the o-Ti after surface LT in a nitrogen atmosphere [39]

Initial state LT in a nitrogen atmosphere

Lattice parameters, nm

a = 0.29549 + 0.00024 a =0.29732 + 0.00003
¢ =0.46880 + 0.00024 ¢ =0.47055 + 0.00009

Table 3. Phase composition and microhardness
of the VT1-0 alloy surface layers after laser treatment [39]

Treatment type Phase composition Microhardness H,, GPa
Initial state o-Ti 1.8 + 0.01
LT in an argon atmosphere o-Ti 2.5+£0.01
LT in the air atmosphere a-Ti, TiN, TiO, 5.5 £ 0.02
LT in a nitrogen atmosphere o-Ti, TiN 8.1 £0.03
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Fig. 2. The microstructure of the samples after LT in air (a¢) and nitrogen (b) atmo-
spheres [39]

in a nitrogen atmosphere (Table 2) indicated that not all nitrogen atoms
took part in the formation of the nitride; some of them could enter the
interstitial sites of the h.c.p. lattice, forming a solid solution of nitrogen
in the a-Ti lattice. This follows directly from the analysis of Ti—O and
Ti—N systems state diagrams [40, 41]: at high temperatures, the solubility
of oxygen and nitrogen in the a-titanium lattice increases several times.
Moreover, since the melt-cooling rate was of about 10* K/s, a supersatu-
rated solid solution of nitrogen in the titanium lattice at room tempera-
ture was formed, which led to an increase in lattice parameters.

It should be noted that, after LT in all atmospheres, a fairly signifi-
cant redistribution of the maximum intensities on XRD-patterns showed,
compared to the table values, which was probably caused by the crystalline
texture presence that arose as a result of directed heat removal during
melt rapid cooling.

Structural changes in the surface layers of the treated samples led to
a change in their microhardness (Table 3), and an increase in microhard-
ness was observed after all LTs.

It is significant that after LT in an argon atmosphere, the phase com-
position of the melted zone did not change. The grain size, as a result of
melt high cooling rates, diminished significantly and amounted to 2—-3 ym
(at the initial state of 10—15 um), which became the main reason for the
increase in the microhardness value.

After treatment in air and nitrogen atmospheres, the increase in Hl1
values, in addition to the increase in the dispersion degree of the structure
(Fig. 2), was also influenced by the formation of small nitrides and super-
saturated solid solutions of nitrogen and oxygen in the a-titanium lattice,
i.e., solid-solution strengthening.

3.1.2. VT3-1 Alloy

The VT3-1 alloy is a two-phase heat-resistant deformable alloy with fairly
high strength. It is used for the production of forged and stamped parts
that can be operated for a long time at temperatures of 673—-723 K.
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Fig. 3. Initial structure (@) and surface of VT3-1 alloy samples after laser melting in a
nitrogen environment (b) [42]

According to the metallographic analysis data, in the initial state,
o-Ti and B-Ti phases were observed in the alloy structure (Fig. 3, a). At
the same time, the volume fraction of a-Ti did not exceed 65% . The alloy
surface after laser melting is shown in Fig. 3, b.

Two phases were also detected in the original alloy structure (Fig. 4, a):
h.c.p. solid solution based on o-Ti with lattice parameters a = 0.2950 +
+ 0.0008 nm and ¢ = 0.4683 + 0.0006 nm and b.c.c. solid solution based on
B-Ti with lattice parameter a = 0.3306 = 0.0005 nm.

After LT in an argon atmosphere, some expansion of the diffraction
maxima from the a-phase lattice was observed (Fig. 4, b), which can be cau-
sed both by an increase in the phase dispersion degree and by the occur-
rence of internal stresses in the lattice. Reflections from the B-phase lat-
tice were not observed, i.e., the alloy turned out to be single-phase. This can
be explained by the fact that, due to melting rapid cooling, the p— a-trans-
formation occurred completely. At the same time, such a transformation occurs
mainly by the martensitic p— o’ mechanism, which is not contradicted [43].

The change in parameters of the o-Ti lattice after LT in an argon en-
vironment (Table 4) occurred due to the formation of a supersaturated
substitution solid solution of aluminium, molybdenum, and chromium, as
the amount of alloying elements in the VT3-1 alloy exceeded their solubil-
ity in the o-Ti lattice at room temperature, and their atomic radii values
were smaller compared to the titanium atomic radius [44].

The cross-section analysis of the LAZ made it possible to conditionally
divide it into two areas (Fig. 5, a): the melting zone (MZ) with a needle-
like structure (Fig. 5, b) and the two-phase thermal influenced zone (TIZ)
depleted by B-Ti (Fig. 3, c¢). The depth values of the zones were approxi-
mately equal to 150—200 microns and 80—90 microns, respectively.

The average microhardness values in the melting zone obtained in an
argon environment were slightly lower than in the initial state (H, =
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Fig. 4. XRD patterns from the VT3-1 Ti alloy surface samples: a — initial state; after
laser melting: b — in Ar atmosphere; ¢ — in Ar atmosphere with subsequent annealing
in air; d — in N, atmosphere; e — in the air [42]
Table 4. Lattice parameters of the o-Ti and the phase composition
of the laser exposure zone after various types of treatment [42]

Treatment type Phase composition Lattice parameters, nm

Initial state o-Ti + B-Ti a =0.2951 + 0.0008
¢ =0.4682 + 0.0002

Laser melting in an argon atmosphere |o-Ti + o'-Ti a =0.2948 + 0.0008
c =0.4680 + 0.0011

(g = 1.0 GW/m?)
Laser melting in Ar atmosphere o-Ti + B-Ti
(g = 1.0 GW/m?) + annealing

in air atmosphere (773 K, 180 min)
Laser melting in a nitrogen atmosphere
(g = 1.0 GW/m?)

LT in pre-melting mode

(g = 0.5 GW/m?)

a =0.2944 + 0.0008
c=0.4669 + 0.0019

a-Ti + B-Ti + TiN a=0.2929 + 0.0008
c=0.4676 £ 0.0012

o-Ti + B-Ti + TiN a=0.2933 £ 0.0008
c=0.4714 + 0.0019
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Fig. 5. Sample cross-section after laser melting in Ar environment (a); microstructure
of the melting zone (b) and the thermally affected zone (c)
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= 3.3—3.4 GPa) and were approximately equal to 3.1-3.2 GPa (Fig. 6).
This could be caused by the martensitic type of p— a'-transformation,
which led to the absence of the B-Ti phase and, as a result, to a decrease
in the microhardness values, which is consistent with [45]. It should be
noted that, after laser melting, an increase in the dispersity degree of the
a-phase (1-2 nm) was observed. This should lead to a significant increase
in microhardness, but in this case, the decrease caused by the complete-
ness of the p— a transformation turned out to be decisive.

The microhardness change by the depth of the LAZ (H (h)) turned out
to be non-monotonic (Fig. 6). Microhardness values decreased to a depth
of 210 um (2.8-2.9 GPa). However, in the lower regions of the TIZ, the
H  values increased almost to their values in the matrix. This character of
the H (k) dependence can be explained by some decrease in the amount of
the B-phase in the TIZ upper part.

To remove internal stresses and disintegrate the metastable o'-phase,
the samples melted in an argon environment were annealed in an air atmo-
sphere at 773 K for 180 minutes. After this treatment, the two-phase
structure (a-Ti + 8-Ti) was again observed by the XRD method (Fig. 4, c).
At the same time, the microhardness values in LAZ increased slightly and
amounted to 3.7-3.8 GPa in MZ and 3.5-3.6 GPa in TIZ. The increase in
H  values can be associated both with a disintegration of the o/-phase with
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the formation of a two-phase (a-Ti + 6-Ti) structure and with an increase
in the dispersion degree of the structure as a result of laser treatment.

It can be assumed that, during laser melting in a nitrogen environ-
ment, a certain proportion of nitrogen atoms could not only be spent on
the nitride formation, but also occupy octahedral interstitial sites in the
hexagonal lattice of a-titanium, which would lead to the formation of an
interstitial solid solution and, as a result, to an increase in the lattice pa-
rameters. Precise measurement of the o-Ti lattice parameters indeed re-
vealed their increase (Table 4) that just confirms the validity of the pro-
posed assumption.

The microhardness value in the surface layers increased significantly
after such treatment (5.8-6.0 GPa in MZ and 5.3—-5.5 GPa in TIZ) (Fig. 7).
The increase in H, values after LT in a nitrogen environment can be
caused several factors: an increase in the dispersion degree of the struc-
ture (as in the case of laser treatment in an argon environment), the for-
mation of high-strength dispersed particles of titanium nitride TiN and
the formation of a supersaturated interstitial solid solution of nitrogen in
a-titanium.

It was shown above that laser melting of the surface (especially in a
nitrogen environment) led to a significant increase in LAZ microhardness.
However, this treatment also had a drawback: an increase in the surface
roughness of the samples. This means that its final mechanical treatment
is necessary for the product’s operation. Therefore, studies of the surface
layer structure after laser treatment with different beam power densities
were conducted in the future to minimize the specified drawback.

It was established that a decrease in the radiation power density leads to
a decrease in the surface roughness, but the depth of the LAZ also decreases.
By XRD and metallographic methods, it was established that after the LT
in nitrogen environment with a power density of ¢ * 950 MW /m?, there were
no significant changes in the surface layer’s structure, and the roughness
slightly decreased (4—6 pm compared to 7—9 um). Therefore, to avoid comple-
tely the surface melting, the laser power density was reduced to 500 MW /m?.
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Fig. 8. The structure of the VT3-1 titanium
alloy sample after laser treatment in a nit-
rogen environment with a power density of
500 MW /m? [42]

As a result of such treatment, MZ
was no longer observed. Metallographic
analysis showed the presence of only
TIZ with a depth of about 90-120 mi-
crons in the sample cross-section (Fig. 8).

‘i;. ¥ o The phase composition of TIZ after
o ;;ﬁﬁ-‘:*f o) LT in the air atmosphere (Fig. 4, e) con-
tained three phases: o-Ti, B-Ti and a
small amount of cubic titanium nitride. Despite the high chemical activity
of titanium, titanium oxides were not detected [42]. A slight increase in
the parameters of the o-Ti lattice may indicate the formation of a solid
solution of nitrogen (oxygen) atoms in the h.c.p. titanium lattice, which
could be the reason for the slight broadening of the diffraction maxima
from the o-Ti lattice.

The microhardness values in the surface layers increased and were ap-
proximately equal to 4.4—4.5 GPa, which is associated with the formation
of high-strength TiN nitride and the formation of a solid solution of ni-
trogen (oxygen) in the a-Ti lattice (solid solution hardening).

3.1.3. VI-6 Alloy

This is a high-strength, heat-resistant structural deformable two-phase
(a+p) alloy; it is used for the manufacture of large-sized welded and as-
sembled aircraft constructions, for the manufacture of gas cylinders that
operate under internal pressure, and several other constructive elements,
it is an analogue of the Grade5 (USA) alloy. Aluminium in Al-Ti—-V alloys
increases strength and heat-resistant properties, and vanadium contribu-
tes to increased plasticity. The alloy deforms well in a hot state and can be
welded by all traditional methods, including diffusion welding [45—47].

LT of the alloy surface was performed with the following beam param-
eters: ¢ = 1.2 GW/m?, 1 = 2.00 ms, v = 3 Hz.

According to the data of the XRD analysis, the alloy structure in the
initial state was two-phase: reflections from lattices of o- and B-solid solu-
tions were recorded (Fig. 9, a). After LT in an argon atmosphere, only one
a-phase was observed according to XRD data (Fig. 9, b). As a result of LT
in air and nitrogen atmospheres, the XRD patterns showed reflections from
lattices of three phases: a- and B-solid solutions and TiN nitride (Fig. 9, ¢, d).

The absence of the B-phase in the molten zone after treatment in an
argon atmosphere can be explained by the fact that, as a result of the high
cooling rates of the melt, the f— a-transformation could occur by means
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of the martensitic mechanism, and it could be fully realized. The o'-phase
formed as a result of this transformation, which is a solid solution of al-
loying elements in a-titanium, has a hexagonal lattice and a needle-like
structure characteristic of martensite. It is known [44] that the implemen-
tation of the martensitic transformation in titanium alloys can lead to
their weakening due to the completeness of the p— a-transformation and
the absence of the B-phase. In our case, LT in an argon atmosphere led to
some decrease in the microhardness values, despite a rather significant
dispersion of the structure in LT (Table 5).

In the case of LT in air and nitrogen atmospheres, the martensitic
transformation did not occur completely (weak reflections from the -phase
lattice were observed on the XRD patterns). The reason for the incomplete
f— a-transformation may be the increased nitrogen solubility in the b.c.c.
lattice of B-Ti, which could lead to an increase in the temperature of the
B— oa-transition [27, 43].

Precise measurements of the a-phase lattice parameters after LT in an
argon atmosphere showed their decrease compared to the initial ones. This
can be explained by the fact that as a result of the martensitic p— o trans-
formation, a supersaturated substitution solid solution of vanadium and
aluminium in the a-Ti lattice is formed. Since the atomic radii of vanadi-
um and aluminium are smaller than the atomic radius of titanium, the
a-phase lattice parameters turned out to be slightly lower than its param-
eters in the initial state (Table 6).

Table 5. Phase composition and surface layers microhardness
of the VT-6 alloy after LT in different gas atmospheres [39]

Treatment type Phase composition Microhardness H,, GPa
Initial state a-Ti, B-Ti 3.62 + 0.01
LT in Ar atmosphere o-Ti 3.50 +£ 0.01
LT in the air atmosphere a-Ti, B-Ti, TiN 4.74 +£ 0.02
LT in N, atmosphere a-Ti, B-Ti, TiN 5.31 £ 0.02

Table 6. Lattice parameters of the a-phase
after laser surface treatment in different atmospheres [39]

Initial state LT in the argon LT in the air atmosphere LT in the nitrogen
atmosphere atmosphere
Lattice parameters, nm
a=0.29395 + a=0.29382 + a=0.29428 + a=0.29317 +
+ 0.00008 + 0.00008 + 0.00008 + 0.00008
¢ =0.46866 + c=0.46341 + ¢ =0.46833 £ c=0.46709 +
+ 0.00019 + 0.00019 + 0.00019 + 0.00019
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Fig. 9. XRD patterns from the surface layers of VT-6 alloy samples in their initial
state (a) and after laser remelting in argon (b), air (c¢), and nitrogen (d) atmospheres [39]

Fig. 10. The same as in the previous figure, but for VT-8 alloy samples in the initial
state (a) and after laser remelting in argon (b), nitrogen (¢), and air (d) atmospheres [51]

According to the data presented in Table 6, LT in a nitrogen atmo-
sphere also led to a slight decrease in the a-phase lattice parameters. It
can be assumed that such parameter changes were caused by the complex
influence of two factors. On the one hand, the formation of a supersatu-
rated solid solution of vanadium and aluminium in the o-Ti lattice leads
to a decrease in lattice parameters. On the other hand, in addition to the
martensitic p— o transformation, there was also the formation of a super-
saturated solid solution of nitrogen in the a-Ti lattice, which should have
led to an increase in the lattice parameters. However, the influence of the
first factor was more significant.

After LT in the air atmosphere, a slight increase in a-Ti lattice parame-
ters was observed. In addition to the reasons listed above, the change in lat-
tice parameters in this case may also have been influenced by the incorpo-
ration of oxygen atoms into the h.c.p. lattice with the formation of a su-
persaturated interstitial solid solution of oxygen in the a-Ti lattice, since
the solubility of oxygen in titanium exceeds the solubility of nitrogen [44].
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The results of microhardness measuring of the samples surface in the
initial state and after LT in different atmospheres (Table 5) showed that
treatment in an argon atmosphere (as in the case of the VT1-0 alloy) led
to a slight decrease in microhardness associated with the complex action
of two factors: H values decreasing as a result of the martensitic trans-
formation and an increase in the dispersion degree of the structure (in-
crease in H values).

The microhardness increase in LAZ after LT in an atmosphere of air
and nitrogen is caused by the fact that, during such treatments, one more
factor was added that caused an increase in microhardness, namely, the
formation of a supersaturated interstitial solid solution of oxygen and
nitrogen in a-titanium.

Thus, depending on the atmosphere, in which the laser treatment is
performed and the selected modes of laser radiation, the change in micro-
hardness in the laser treatment zone can be influenced by several factors:
the completeness of the f— a transformation, an increase in the dispersion
degree of the structure, solid-solution strengthening due to the intersti-
tial nitrogen and oxygen atoms in the h.c.p. titanium lattice and the for-
mation of dispersed cubic titanium nitride.

3.1.4. VT-8 Alloy

The alloy belongs to heat-resistant structural deformable two-phase alloys
and has a wide scope of use: it is used for obtaining ingots and manufac-
turing semi-finished products (sheets, strips, plates, rods, pipes, etc.) by
deformation method; various parts of mechanisms that are operated at
temperatures not higher than 750 K; parts of gas turbine blades of air-
craft engines. The alloy is corrosion-resistant and provides higher strength
and heat-resistant properties compared to the VT-6 alloy due to the high
content of aluminium and silicon alloying, it can be thermally strength-
ened and deforms satisfactorily in the hot state [48—50].

Laser treatment was performed in argon, air and nitrogen atmospheres
with a radiation power density ¢ = 0.8-1.0 GW/m?; pulse duration t =
=4x102s. A change in the degree of laser spots overlapping was achieved
by varying the pulse repetition frequency [561]. For all treatments, the
structure over the entire depth of the laser melting zone (180—200 pm)
remained practically uniform.

In the initial state, the sample was two-phase: the reflections from the
o-titanium h.c.p.-lattice and a small amount of the B-titanium cubic lat-
tice were observed by the XRD method (Fig. 10, a).

After LT, only reflections from the a-phase lattice were recorded in an
argon atmosphere (Fig. 10, b). The absence of the B-phase in the surface
layers is caused, as in the case of the LT of the VT-6 alloy, by the samples’
rapid cooling with the implementation of diffusion-free martensitic p—a'-
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transformation and the stabilization of the a-phase by «-Ti alloying ele-
ments dissolved in the lattice.

The o'-phase, which is formed in low-alloyed titanium alloys as a re-
sult of martensitic transformation, is a supersaturated solid solution of
alloying elements in a-titanium [43]. It has a hexagonal lattice and is
typical for martensite needle structure. Precise measurements of the a-
phase lattice parameters showed their decrease compared to the original
ones (Table 7). This can be explained by the fact that as a result of the
B— o'-transformation, a supersaturated substitution solid solution of mo-
lybdenum in the a-Ti lattice is formed. Since the molybdenum atomic radii
are smaller than the titanium atomic radius, the a-phase lattice parame-
ters will also decrease after this treatment.

LT of the samples in a nitrogen atmosphere led to the formation of
three phases in the melting zone: a-solid solution, TiN nitride, and a small
amount of B-titanium (Fig. 10, ¢). The presence of some B-phase can be
explained as follows. The melting zone is heterogeneous in chemical com-
position. Therefore, only two phases, o-Ti and TiN nitride, could form in
the areas highly enriched with nitrogen, the B-phase, according to the
Ti—N state diagram, was not formed at all, since nitrogen is an effective
stabilizer of the a-phase [44, 52]. In regions with a smaller amount of
nitrogen, the B-phase formation may have occurred first, followed by its
disintegration by the monotectoid mechanism and the molybdenum-stabi-
lized b.c.c. B-phase and the o-Ti phase formation. Since the XRD method
is capable of determining the phase composition integral picture of the

Table 7. Parameters of the VT-8 alloy o-Ti lattice
after laser treatment in different atmospheres [51]

Initial state LT in an argon LT in the air LT in a nitrogen
atmosphere atmosphere atmosphere
Lattice parameters, nm
a =0.29323 + a=0.29313 + a =0.29501 £ a =0.29501 +
+ 0.00001 +0.00008 + 0.00008 + 0.00008
c=0.46807 * c=0.46738 * c=0.47179 + c=0.47394 +
+ 0.00009 + 0.00009 + 0.00019 + 0.00019

Table 8. Phase composition and surface microhardness
of the VT-8 alloy after LT in different gas atmospheres [51]

Treatment type

Phase composition

Surface microhardness, GPa

Initial state
LT in Ar atmosphere
LT in N, atmosphere

LT in the air atmosphere

a-Ti, B-Ti

o-Ti

o-Ti, B-Ti, TiN
o-Ti, B-Ti, TiN, TiO,

H,=2.99 +0.02
H,=5.62 +0.04
H,=17.82+0.18
H,=6.56 +0.09
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surface layers on depths up to 25-30 microns, the specified three phases
were observed.

Lattice parameters of the titanium o-phase increased after LT in a
nitrogen atmosphere (Table 7). This fact can be explained by the following
considerations. The solubility of nitrogen in a-titanium at room tempera-
ture is about 3 at.%, and at high temperatures it can reach 22 at.% [41].
The melt cooling rate during LT is of about 10* K/s [37]. This makes it
possible to obtain a supersaturated solid solution of nitrogen in the o-Ti
lattice at room temperature, which was evidently the reason for the lattice
parameters growth.

Note that, with this type of surface heat treatment, two competing
processes could occur. Firstly, molybdenum, aluminium, and iron atoms
could replace titanium atoms, which would lead to a decrease in the crystal
lattice parameters. Secondly, a certain N atoms amount could be intersti-
tial in the octahedral pores of the hexagonal lattice, which would lead to
an increase in its parameters. It is obvious that, in our case, the formation
of an interstitial solid solution had a more effect on changes in lattice
parameters, which led to some increase in them.

During laser melting of the sample surface in an air atmosphere, four
phases were observed in the alloy structure: a-Ti, TiN nitride, tetragonal
TiO, oxide, and a small amount of B-Ti (Fig. 10, d). At the same time, an
increase in a-Ti lattice parameters was also observed (Table 7). Note that,
according to Ref. [40], in the Ti—O system, the solubility of oxygen in a-
titanium at room temperature is 10 at.%, and at high temperatures, it is
~35 at.% . Thus, as a result of melt rapid cooling during LT, at room tem-
perature, a supersaturated solid solution of atmospheric gases (O and N)
in the titanium lattice can form, which was the reason for the further
increase in the a-phase lattice parameters.

After LT in all investigated atmospheres (Table 8), the microhardness
of the samples’ surface layers increased compared to the initial state. The
change in microhardness values after LT in an argon atmosphere is associ-
ated with two competing factors: a small amount of the B-phase in the ini-
tial state, when the martensitic nature of the p— o'-transformation did not
have a decisive effect on the weakening (as in the case of the VT-6 alloy),
and an increase in the dispersion degree of the structure (dominant factor).

The increase in microhardness after LT in the atmosphere of nitrogen
and air is also explained by the influence of several factors: the martens-
itic nature of the p— a'-transformation, the increase in the dispersion
degree of the structure, solid-solution hardening due to the interstitial O
and N atoms into the h.c.p.-lattice of titanium, and the formation of dis-
persed cubic titanium nitride.

It should be noted that the microhardness values of the alloy after LT in
an air atmosphere were somewhat lower compared to the values after laser
melting in a nitrogen atmosphere. The reason is that the amount of high-
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Fig. 11. Surface macrostructure of the VT-8 alloy after laser melting in an environ-
ment of argon (a), nitrogen (b) and air (c¢) [51]
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Fig. 12. The structure of the initial VT-8 alloy (a) and the surface layers of the laser
melting zone cross section in an environment of argon (b) and nitrogen (c) [51]

strength TiN nitride after LT in a nitrogen atmosphere was higher. This ulti-
mately led to an increase in the integral microhardness of the melted surface.

The appearance of surfaces melted in different gas environments had
significant differences [51]. Thus, treatment in an argon environment
(Fig. 11, a) led to the formation of laser spots with an almost mirror-like
surface. A more or less contrasting spots image could be observed only
under lateral illumination. At the same time, a weak relief in the form of
concentric circles was detected on the spots surface, which was observed
earlier in Ref. [53].

A significant amount of titanium nitride in the laser melting zone
after treatment in a nitrogen atmosphere determined the golden colour of
the laser-spots surface and the formation of a developed relief (Fig. 11, b)
caused by the fact that TiN nitride is a refractory compound, and the for-
mation of the surface macrostructure occurred very quickly, practically
during the radiation pulse action (t = 4-10°2 s), which prevented surface
tension forces from smoothing the laser-spot surface.

A characteristic feature of the spots after melting in the air atmo-
sphere was the absence of a shiny surface and the presence of light areas
in the spots peripheral areas. It can be explained by the fact that, at high
temperatures, the refractory TiN nitride was first formed, and, according
to [54], the TiN phase actively reacts with oxygen at high temperatures.
Then, when the temperature drops to the temperature of TiO, oxide exis-
tence (<2133 K [40]), nitride oxidation begins with the formation of an
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oxide film on the surface. The presence of light-coloured areas on the spot
periphery is explained by the influence of two factors: firstly, the lower
temperature in these areas due to the Gaussian energy distribution over
the spot surface and, secondly, the higher melt cooling rates, which did
not allow the process to go through sufficient oxidation. That is, the light
areas can be identified as a mixture of nitride and oxide.
According to the metallographic analysis data, in the initial state, the
o-Ti and B-Ti grain sizes were about 3 and 1.5 num, respectively (Fig. 12, a).
LT in an argon atmosphere (Fig. 12, b) led to a change in the struc-
ture: in the cross-section of the laser-melting zone, the acicular structural
components, characteristic of the o'-phase, were observed, i.e., the mar-
tensitic nature of the p— a'-transformation was confirmed.
Metallographic studies of the sample after LT in a nitrogen atmosphe-
re (Fig. 12, ¢) made it possible to observe an increase in the dispersion
degree of the structure in comparison with the original one. It was not possib-
le to detect the nitrides’ inclusion using optical metallographic analysis.
Thus, the LT of the VT-8 alloy due to the high cooling rates of the melt
leads to significant structural changes in the laser-melting zone, which, in
turn, affects the microhardness growth of the samples’ surface layers.

3.2. Laser Treatment of the VT1-0 Alloy Obtained
by the Powder Metallurgy Method

The production of titanium and its alloys by traditional methods is a rather
complex and expensive process. Therefore, to improve the manufacturabil-
ity of titanium alloys production and to reduce the production cost, to
obtain parts of a certain purpose, the powder metallurgy method is widely
used, the advantages and features of which are given in Refs. [55-59].

According to the mentioned references, sintered titanium alloys have
a lower density than cast ones, since they contain about 3-7% of pores by
volume. If such materials are used as friction contact pairs, the pores on
the surface can lead to leaks in the places of sealing, for example, in the
manufacture of shut-off valves, as well as to the appearance of microre-
gions with increased corrosion. Therefore, the question of minimizing the
porosity of such alloys and increasing the wear resistance of their surface
layers is relevant.

One of the ways to solve comprehensively the mentioned problems can be
the surface laser treatment of sintered powder titanium alloy, the advantages
of which are its locality and high manufacturability. This allows for non-
contact surface treatment directly in the places where the friction pairs meet.

Surface laser treatment was performed in an argon atmosphere with a
radiation power density of ¢ = 900 MW /m? (surface melting mode) and
with a pulse repetition frequency of 4 Hz and 20 Hz. The last treatment
can be identified as continuous laser treatment. Thermomechanical tita-
nium powders of PT5-1 grade, fraction —0.50/+0.16, composition VT1-0
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were chosen as the starting material. Alloys were formed by batch press-
ing on a hydraulic press with a pressure of 700 MPa. The obtained blanks
were subjected to sintering according to the scheme: vacuum heating to
1523 K + exposure for 180 min + cooling with a furnace [60].

No noticeable changes in the crystal structure after LT were deteced
by the x-ray method: the XRD patterns were almost identical to those ob-
tained during LT of the VT1-0 cast alloy (Fig. 1, a, b). Some redistribution
of the diffraction maxima intensities after LT indicated a slight texturing
of the surface layers caused by directed heat removal into the matrix dur-
ing auto-quenching of the melt bath.

Metallographic studies revealed several morphological features of the
melting zone (Fig. 13). Thus, in the initial state, pores with a size of
10-20 pm were observed throughout the entire sample volume (Fig. 13,
a). LT with a frequency of 4 Hz led to the formation of a structure in the
melting zone that practically did not contain pores. The sizes of the pores
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small number that were still fixed were significantly smaller than the
pores sizes in the initial state and were about 2—-3 pm (Fig. 13, b). The
decrease in the pores’ size and their total number can be explained by the
conditions of melt solidification: pulsed laser melting led not only to an
intensive heat supply to the laser influence zone but also to an intensive
melt component mixing in it (Marangoni—Gibbs effect). Such mixing in
combination with high rates of material heating and cooling were, obvi-
ously, the main reasons for the formation of the obtained structure. It
should be noted that increasing the frequency to 20 Hz caused the forma-
tion of a more uniform structure in the melting zone. At the same time,
the zone depth increased (Fig. 13, ¢, d).

A sharp increase in the level of structure dispersion, which was ac-
companied by a significant increase in the grain boundaries’ overall length,
had a significant effect on the surface layers’ mechanical properties. In
this connection, the changes in the microhardness integral values by the
melting zone thickness were investigated. It was established that the mi-
crohardness in the treated samples melting zone was several times higher
than the initial one (Fig. 14).

The nature of the change in the microhardness curves for samples
treated in both frequency regimes was identical and typical for single-
phase laser melting zones. However, treatment with a higher frequency,
which led to an increase in the LAZ depth, caused a slight decrease in the
microhardness values. This can be explained by a change in treatment
conditions: with increasing frequency, the amount of energy supplied to
the treated surface of the sample increased, which became the reason for
the increase in the LAZ thickness. At the same time, such an increase in
the amount of energy led to the fact that the melt cooling rate decreased
somewhat, which could affect both the overall size and the morphological
features of the LAZ structural components.

All samples were melted by a laser in an argon flow; so, the possibility
of melt saturation with atmospheric gases during treatment was mini-
mized. In other words, the formation of a solid solution of nitrogen and
oxygen in the titanium h.c.p.-lattice, which could affect the LAZ strength-
ening, was practically excluded, since the lattice parameters of the studied
alloy after various treatments practically did not change and did not dif-
fer from the initial ones. It is obvious that, in this case, the main reason
for a significant increase in microhardness could be only an increase in the
dispersion degree of the structural components.

3.3. VT25U Alloy Complex Treatment

Increasing the titanium alloys strength by traditional methods, i.e., alloy-
ing or thermomechanical treatments, is quite limited and is practically ex-
hausted today. Among the technologies for strengthening the surfaces of parts
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Fig. 15. XRD-patterns
from the surface of
VT25U alloy samples:
(a) initial state; (b) ini-
tial state + LT; (¢) qu-
enching; (d) quenching +
+ twist extrusion; (e)
quenching + twist ex-
trusion + LT (g, = 0.86
GW/m?); (f) quenching
+ twist extrusion + LT
(g, = 1.20 GW/m?) [64]

Table 9. Phase composition of the studied samples [64]

Si\rng?le Treatment type Phase composition
1 initial state a-phase, B-phase
2 initial state + LT o-phase, o’-phase
3 initial state + quenching a-phase, o-phase
4 quenching + twist extrusion o-phase, o”-phase, TiO, oxide
5 quenching + twist extrusion + o-phase, o”-phase
+ LT (¢, = 0.86 GW/m?)
6 quenching + twist extrusion + a-phase, o”-phase
+ LT (¢, = 1.20 GW/m?)
7 annealing + twist extrusion o-phase, o”-phase, B-phase, TiO, oxide
8 annealing + twist extrusion + o-phase, o”-phase
+ LT (¢, = 0.86 GW/m?)
9 annealing + twist extrusion + a-phase, ao”-phase
+ LT (¢, = 1.20 GW/m?)
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made of titanium alloys, for example, parts of gas turbine engines, the tech-
nology of ultrasonic strengthening and surface plastic deformation has be-
come widespread [61]. However, the temperature range of application for such
hardening is limited by the temperatures of the recrystallization beginning.

Fairly new methods for increasing the strength of structural materials
are technologies based on intensive plastic deformation and allowing ob-
taining structures of nano- and submicrocrystalline sizes. Among such
technologies, twist extrusion, which consists in repeatedly pushing blanks
through the screw matrix channel, deserves special attention. At the same
time, the initial shapes and sizes of the workpieces are preserved [62].

Strengthening the surface of titanium parts remains a separate issue,
since the surface properties determine the service life of the part. In this
regard, the use of twist extrusion technology followed by laser treatment
can become an effective method of surface strengthening. For complex al-
loyed heat-resistant titanium alloys, like VT25U, with an operating tempe-
rature of up to 820 K, which are used, for example, for highly loaded ro-
tor parts of gas turbine engines [63], such treatment was not investigated.

Laser treatment of VT25U alloy samples after twist extrusion was
performed in a protective argon environment at radiation power densities
¢, = 0.86 GW/m? and ¢, = 1.20 GW/m? [64].

According to the XRD data, the alloy was two-phase in its initial state
(sample No. 1, Table 9): reflections from the h.c.p. lattice of a-phase and
the b.c.c. lattice of B-phase were observed on the XRD-patterns (Fig. 15, a).
Note that, during intense plastic deformation, the B-phase can break up
into martensitic-type phases.

After quenching from the initial state (sample No. 3) as a result of
melt rapid cooling, two phases were detected in the alloy structure: tita-
nium o-phase and martensitic type a”-phase (Fig. 15, ¢). XRD-studies of
sample No. 4 showed the presence of a-phase, o”-phase and TiO, oxide
traces in the alloy (Fig. 15, d).

The twist extrusion application to the annealed sample (sample No. 7)
made it possible to record reflections from a-phase lattices, a small amount
of B-phase, a”-phase and TiO, oxide traces on XRD-patterns (Fig. 16, c).
At the same time, the martensitic transformation was not completed to
the end, as a certain reflections number from the -phase were observed.
The reason for the incomplete f— a” transformation according to the mar-
tensitic type may be the presence of a significant number of defects in the
crystal structure after twist extrusion [65].

Samples Nos. 2, 5, 6, 8, and 9 were subjected to laser treatment (Tab-
le 9). During surface laser melting, the high-temperature p-phase in the
crystallization process can have concentration gradients due to the hetero-
geneous nature of the melt mixing under the influence of hydrodynamic
flows arising in the LAZ. The chemical heterogeneity of the p-phase to-
gether with high cooling rates of the melt (~10* K/s [37]) can create condi-
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Fig. 16. XRD-patterns from
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and (e) annealing + twist

20 30 40 50 60 70 80 90 100 extrusion + LT (¢, = 1.20
20 —» GW/m?) [64]

tions for the metastable martensitic-phases’ formation. Indeed, all samples
after LT had a two-phase structure: on XRD-patterns were detected reflec-
tions only from the lattices of the a-phase and a’-martensite (Figs. 15, 16).
No traces of B-phase presence were observed within the method sensitivity.

The formation of the martensitic-type o”-phase occurs mainly in com-
plex alloys, which include the VT25U alloy [66]. The martensitic o”-phase
has an orthorhombic crystal lattice, which is a distortion of the a-titanium
hexagonal lattice and is formed as a result of a-solid solution supersatura-
tion with alloying elements. Martensite in titanium alloys has its charac-
teristic features and differs from classic martensite, for example, in car-
bon steel, because martensite in steels is a supersaturated solid solution of
carbon in a-iron, and martensite in titanium alloys is a substitutional
solid solution of alloying elements in a-titanium. Therefore, in the case of
martensitic f— o-transformation in titanium alloys, a relatively weak stren-
gthening effect is observed due to a slight lattice distortion, and the o”-
phase is more ductile than the a-phase. In this regard, it can be assumed
that the plastic a”-phase formation led to a certain decrease in the internal
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Fig. 17. Microstructure of the VT25U alloy in its initial state (a) and after helical
extrusion of pre-quenched (b) and pre-annealed samples (c¢) [64]

stresses in the alloy, which increased sharply during the twist extrusion
process. This obviously was the reason why the material after such treat-
ment did not have small macrodefects such as pores and microcracks.

One of the XRD-patterns features after LT was the redistribution of
the diffraction maxima intensities compared to the samples to which LT
was not applied. Such changes in the XRD patterns indicated the crystal-
line texture presence, the appearance of which was caused by directed heat
removal during laser-melting zones’ rapid cooling.

Thus, laser treatment of the VT25U alloy made it possible to obtain
the metastable o”-phase, which is more plastic than the a-phase, and the
formation of which should lead to some internal stresses relaxation in the
alloy after extrusion.

Metallographic analysis of the samples was carried out to clarify the
XRD-data. In its initial state, the VT25U alloy was two-phase. The sizes
of the a- and B-phase grains were of about 10-15 pm (Fig. 17, a).

Twist extrusion of the sample quenched from the two-phase region
(sample No. 4) led to the grinding of its structure. Immediately after
quenching the structure was a mixture of primary a-phase grains and a
small number of o”-phase grains (10—15 pum in size). After extrusion, the
dispersion degree increased noticeably — the grain sizes did not exceed 2
nm for both phases (Fig. 17, b). Extrusion of a pre-annealed sample (sam-
ple No. 7) led to the formation of a similar structure (Fig. 17, ¢).

LT of samples in their initial state (sample No. 2) and after various
treatment types (samples Nos. 5, 6, 8, and 9) with different radiation
power densities made it possible to obtain a highly dispersed structure in
the melting zone, which was very weakly amenable to etching by standard
etchants for titanium alloys. Therefore, it turned out to be impossible to
interpret unambiguously the structure using the optical metallography
methods. It was possible to determine the structural-components’ average
size only with a certain percentage of probability: it did not exceed 1 pm.
Such grains’ size became the determining factor affecting the increased
corrosion resistance of the melting zone, but this cannot be stated un-
equivocally, since separate studies are required.
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The change in the samples’ mechanical properties after various types
of treatments was monitored by measuring the microhardness average
values (H ), which were different before conducting the LT: in the initial
state, H = 3.29 GPa; after quenching and subsequent twist extrusion, H,
=4.07 GPa; and after annealing and subsequent twist extrusion, H = 3.76
GPa. LT of samples after such treatments led to some increase in H, val-
ues, which turned out to be approximately the same and amounted to 4.27,
4.24, and 4.26 GPa, respectively. The reason for such a change in the
microhardness of the alloy surface layers as a result of the LT can be
mainly two factors: (i) the martensitic a’-phase formation and (ii) a de-
crease in the structural components size, which leads to an increase in the
two-dimensional defects total number (grain boundaries), which is an ef-
fective barrier for the movement of the dislocations in metal alloys.

It should be noted that the effect of VT25U alloy strengthening by
means of laser treatment compared to others, such as aluminium alloys
[67—69], was much lower. The reason lies in the different effects of the
above-mentioned factors on the alloy strengthening; if the increase in the
dispersion degree leads to the LAZ strengthening, then, the martensitic o”-
phase formation, which is more plastic than the a-phase, causes a decrease
in the microhardness values. In our case, the role of the second factor was
greater, as evidenced by a slight increase in the H, average values.

Comparing the H, values for the samples subjected to twist extrusion
(both after pre-quenching and pre-annealing) with the values after LT of
the original sample, it is easy to see that the latter are slightly higher. In
other words, if the surface properties of the parts are of decisive impor-
tance in case of products operation made of VT25U alloy, the use of high-
energy preliminary heat treatments and extrusion is impractical.

3.4. Laser Alloying

The use of laser alloying of metal-alloy surfaces to obtain coatings with
special properties allows significant expanding the Ti-based alloys applica-
tion scope, as it can lead to the formation of fundamentally new struc-
tural states in the surface layer that cannot be obtained by other methods.
In particular, titanium alloying with iron-group transition metals (TM)
can lead, under certain concentration and temperature conditions, even to
the quasi-crystalline structures formation [70]. Therefore, the study of
the titanium samples’ surface layers structure during laser alloying with
powders, for example, iron, cobalt, and nickel, can be of not only theo-
retical but also practical interest.

Industrial alloy VT1-0 was used as the object of research. Alloying was
carried out by the coating method (binder is BF-6 glue) in a protective
argon environment with 30% laser spots overlapping. Pure elements pow-
ders of Fe, Co, and Ni with a fraction size of no more than 50 pm served
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as alloying components. The back-coat thickness was about 150 pm. The
alloyed zone depth was 200 pm.

In the initial state, the samples were single-phase: only reflections from
the o-Ti lattice were observed on the XRD patterns (Fig. 18, a). The samp-
les’ surface layers alloyed with nickel had the most complex phase compo-
sition. Reflections from the lattices of the following phases were detected:
B-Ti-based solid solution, TiNi intermetallic with a monoclinic lattice, Ti,Ni
intermetallic with an FCC lattice, and TiC-type cubic carbide (Fig. 18, b) [71].

After alloying titanium samples with cobalt, the phase composition
was as follows: a solid solution based on B-Ti, TiC carbide, and traces of
TiCo cubic intermetallide (Fig. 19, a). Alloying with iron led to the forma-
tion of only two phases in the laser-alloying zone: a solid solution based on
B-Ti and TiC carbide (Fig. 19, b).

The absence of reflections from the o-Ti lattice on all XRD patterns
can be due to several reasons. First, high cooling rates during pulsed laser
alloying led to significant melt undercooling, which in conditions of non-
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equilibrium crystallization can significantly lower the polymorphic f— a-
transformation temperature. Secondly, iron group transition metals (Fe,
Ni, Co) are quite strong stabilizers of the titanium B-phase. In our opin-
ion, the complex influence of these factors led to the fact that the «-Ti
phase was absent in the laser alloying zone.

The highest solubility in B-Ti possesses iron (22% ) followed by cobalt
(14.5%) and nickel (8% ) [72]. Assume that the concentration of alloying
components in the laser alloying zone in all cases is approximately the
same and exceeds 22%, and the cooling rate is also equally high (10* K/s)
[37]. Then, such phase formation conditions should lead to the fact that
the intermetallics content in the laser-alloying zone should have a definite
dependence on the components’ solubility in the p-phase. This assumption
explains the fact that, during laser alloying with iron, not even traces of
intermetallics were detected by the method.

In the case of alloying with cobalt, as a result of the mentioned reason,
together with the B-solid solution of cobalt in titanium, traces of the cubic
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intermetallide TiCo were also detected. The B-phase content during alloying
with nickel was even lower. In this regard, in the process of alloying tita-
nium with nickel, a rather complex heterophase structure was formed, which
included two intermetallics: monoclinic (TiNi) and f.c.c. (Ti,Ni) lattices.

The TiNi b.c.c. phase undergoes a thermoelastic martensitic transfor-
mation under a certain deformation with the low-symmetric phase forma-
tion of the same stoichiometry [73]. Laser alloying as a result of high
cooling rates of the melt leads to the occurrence of fairly significant quen-
ching stresses in the laser-alloying zone [12], which can stimulate the speci-
fied transformation. Therefore, during alloying titanium with nickel in the
laser-alloying zone, the formation of the intermetallic TiNi with a monocli-
nic, not cubic lattice took place, as in the case of alloying titanium with cobalt.

Consider the reason for the Ti,PM type phase formation, which was
observed in the laser-alloying zone only after alloying titanium with nick-
el. For this purpose, state diagrams of the three systems were analysed:
Ti—Fe, Ti—Co, and Ti—Ni [72].

There is no Ti,Fe type phase in the Ti—Fe diagram at all. In the Ti—Co
system, the Ti,Co phase is formed by a peritectic reaction in a fairly wide
concentration range. In addition, the Ti,Co phase has practically no homo-
geneity region. Then, due to the high cooling rates of the melt during
quenching from the liquid state in the laser alloying process, the probabil-
ity of the formation of such a phase will be very low. The Ti,Ni phase has
a narrower concentration interval of formation by the peritectic reaction
and even some homogeneity region. In addition, stresses arising in the
quenching process from the liquid state will be partially relaxed as a result
of the martensitic transformation of the cubic intermetallic TiNi into a
monoclinic one, thereby, facilitating the peritectic reaction process. This
can explain the presence of a fairly significant amount of intermetallic
Ti,Ni in the laser-alloying zone.

Thus, despite the close physical and chemical properties of the alloy-
ing components, the alloying zone phase compositions have significant
differences, which are determined both by the solubility degree of the used
transition metals in the titanium B-phase and by the highly non-equilibri-
um structure formation conditions.

The TiC carbide formation, which is present in all cases, can be ex-
plained by the decomposition at high temperatures of the organic binder
(BF-6 glue), which contains a significant amount of carbon, with its sub-
sequent entry into the melt. To confirm this explanation, laser melting of
the titanium sample surface covered only with a glue layer was performed.
Indeed, along with the maxima from the o-Ti lattice, reflections from the
lattice of cubic TiC carbide (Fig. 19, ¢) with the lattice parameter a =
=0.430 nm, which is slightly smaller than the table one (¢ = 0.433 nm),
were also detected on the XRD-patterns. Such a difference may be due to
the formation of not pure titanium carbide, but a Ti(C,N)-type solution.
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Fig. 20. Cross-sectional structure of the laser alloying zone of titanium samples with
nickel (a), iron (b) and cobalt (¢) [71]

No reflections from the B-phase lattice were observed. This suggests that
the determining factor in the laser alloying zone structure formation was
not the melt cooling rate, but alloying of it with transition metals.

Metallographically, after all types of alloying, a dispersed structure
was observed (Fig. 20). The structural components’ sizes did not exceed
2—38 pm. It turned out to be practically impossible to determine the phase
composition by this method, both due to the alloying zone heterogeneity
in terms of chemical composition and due to the occurrence of Marangoni—
Gibbs-type capillary effects within it.

The microhardness value in the samples’ surface layers turned out to
be maximal after alloying with iron and was about 14 GPa. After alloying
with cobalt, the microhardness was 5—6 GPa, and with nickel, of 7 GPa.
The microhardness of the samples’ surface layers covered only with a glue
layer (60 pum thick) after laser treatment was from 7 GPa to 9 GPa. It is
obvious that a significant microhardness increase after alloying with iron
group transition metals is primarily due to the titanium carbide forma-
tion, the microhardness of which reaches 30 GPa. Establishing the reason
for the significant difference between the microhardness of the samples’
surface layers alloyed with cobalt and nickel and samples alloyed with iron
requires further research.

4. Conclusions

Pulsed laser treatment of titanium alloys due to high (~10* K/s) cooling
rates of the melt leads to an increase in the dispersion degree of the laser
melting zone and, as a result, to an increase in microhardness values.

The surrounding gas atmosphere and the titanium alloy chemical com-
position significantly affect the structure formation processes during
their laser melting. The strength characteristics of the laser action zone
can be determined by the complex action of several factors: an increase in
the dispersion degree of structural components, the high-temperature
metastable intermetallic phase formation, the completeness and character
of the polymorphic p— a-transformation, the dispersed carbides and ni-
trides formation, and solid-solution strengthening.
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Laser melting of the sintered single-phase powder titanium VT1-0-type
alloy surface leads to a sharp decrease in porosity in the melting zone.

The microhardness in the VT25U alloy laser-melting zone exceeds the
microhardness of samples after heat treatments and twist extrusion. Only
mechanical properties of the material surface layers are important using
products from this alloy, so laser melting of the initial material surface is
more effective and technological than heat treatment or twist extrusion.

The formation of the Ti2TM type intermetallics during laser alloying
of titanium with iron, cobalt, and nickel powders is determined by the
solubility degree of the alloying components in -phase, the concentration
range of the intermetallide homogeneity and the high cooling rate of the melt.
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Laser Treatment of Titanium Alloys
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! HanjonanbHUl yHiBEpCUTET «3amopisbKa moJiTexHiKa»,
ByJ. JKyKoBCchbKOTO, 64, 69063 3amopixk:ka, YKpaina

2 YVpreHucbKuil AeprKaBHUl yHiBEpCUTET,
Bys. X. Animmxana, 14, 220100 Ypreuu, Ysbexucran

JIASEPHE OBPOBJIEHHSA TUTAHOBUX CIIJIABIB

MeromamMu peHTreHiBCBKOr0 Ta MeTajJorpaiuHoOro aHaIidy MOCIiIKeHO CTPYKTYPHUU i
dasoBuil cTaHM ITOBepXHeBUX IMapiB TuTaHoBux ciaaBie BT1-0, BT3-1, BT-6 i BT-8
micasa JasepHUX OOpPOOJIeHL Y PiSHMX rasoBUX cepenoBuIax, ciiaBy BT25-Y micas
IBUHTOBOI €KCTPy3il Ta IOJAJILIIOro JiasepHoro obpobienHs, ciuiaaBy BT1-0 micasa na-
3epHOro JieryBaHHSA mopormikamu unuctux einemenTiB Fe, Co, Ni. ITokasano, 1110 3asuaueHi
TUnu 06pO6JIeHb CIPUAIOTH 3POCTAHHIO 3HAUEHb MiKPOTBEPAOCTI MOBEPXHEBUX IIapiB.
IIpoanasisoBano BILIWB aTMochepy HABKOJJIUIIHLOIO rady Ta XiMiuHOTO CKJaly THUTaHO-
BUX CILJIaBiB HAa IPOIECU CTPYKTYPOYTBOPEHHS i Ha 3HAUEeHHS MiKpPOTBepAocTi 06pobJe-
Hux mapie. JlocaifKeHo BILIUB Ja3ePHOT0 00POOIEeHHS MTOBEePXHI ClIeYyeHnX OAHODAZHUX
MOPOIITKOBUX TUTAaHOBUX ciiaBiB Tuny BT1-0 Ha piBeHb MOPUCTOCTI B 30Hi OILTaBJIEeHHA.
BcranoBiieHO, 10 MiKpOTBEPAICTL y 30HI JlasepHOTo oIliaBieHHs ciiaBy BT25Y me-
peBUIIYe MiKPOTBEPAiCTh 3pas3KiB Iicias TepMiuHuX 00pOoOJIeHL i M'BHHTOBOI eKCTPya3ii.
Tomy HaBeJeHi crmocobu Ja3epHOro 00POoOJIeHHSA IMOBEPXOHb € e(PeKTUBHUM METOIO0M 00-
poOJIeHHST TOBEPXHi TUTAHOBUX CILJIIABiB, OCKIMbKY AKiCHO BIIMBAIOTH Ha CTPYKTYPY, IIIO
B CBOIO Uepry CIPUs€E MOJINIIeHHI0 MeXaHIUHNX XapaKTepPUCTUK MOBEPXHEBUX IIapiB.

Karouosi cioBa: asepHe o0po0JIeHHSA, JiasepHE JeTyBaHHSA, 30HA OILJIaBJIE€HHS, MapTeH-
CUTHE IIePEeTBOPEHHS, MiKPOTBEPIiCTh, (pa30BUM CKJIA.
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