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The structural-phase state of the surface layers of the heat-resistant two-
phase titanium alloy VT-8 after laser treatment in different gaseous envi-
ronments is studied by the XRD and metallographic analyses. It is found out
that laser melting in the atmospheres of argon, nitrogen and air leads to
structural changes in the surface layers, which leads to their microhardness
increase. It is shown that during laser treatment in an argon atmosphere a
complete polymorphic f — o'-transformation by the martensitic mechanism
occurs, which together with the raising in the degree of structure dispersion
leads to an increase in microhardness values from 2.99 GPa to 5.62 GPa. Dur-
ing laser melting in nitrogen and air atmospheres, the change in the micro-
hardness of the treated surfaces is due to the complex influence of several
factors: increasing the degree of dispersion of the structure, formation of
high-strength cubic titanium nitrides of TiN type and formation of supersat-
urated solid solutions of nitrogen and oxygen in o-titanium lattice. These
factors cause an increase in the microhardness of the surface layers of the
laser melting zone to 7.82 GPa (in a nitrogen atmosphere) and 6.56 GPa (in an
air atmosphere).
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Metomamu peHTTeHiBCcbKOTO (Da30BOr0 Ta MeTaJsiorpadiuyHOro aHaJjisiB mocii-
JI:KEHO CTPYKTYPHO-(ha30BUil CTaH ITOBEPXHEBUX IIIAPiB KapOCTiKOro aBoda-
3HOTO TUTAaHOBOTO cTory BT-8 micasa masepHoil 00poOKY B Pi3HUX ra30BUX Cepe-
IoBuIiax. BeranoByieHo, 1110 Jla3epHe O0TOIIIEHHA B aTMOoc(depax aproHy, aso-
Ty Ta IOBIiTPS IPUBBOAUTH O CTPYKTYPHUX 3MiH Y IOBEPXHEBUX IIapax, BHA-
CJiIOK Yoro BigOyBaeThCcA 3pOoCTaHHA iXHBOI MiKpoTBepaocTi. ITokasano, 1110 y
pasi JasepHOi 00pPOOKM B aTMoc(epi aproHy BifOyBaeThCcsa MOBHE IOJIiMOpQHEe
B — o/-mepeTBOpPeHHA 3a MapTEHCUTHUM MEXaHi3ZMOM, III0 pa3oM 3i 3pocTaH-
HAM CTYIEeHS AUCIEPCHOCTI CTPYKTYPHU HPUSBOAUTH OO0 IIiIBUIIEHHA 3HAUEHb
MikpoTBepgocti 3 2,99 I'Tla mo 5,62 I'Tla. ITix uac JasepHOro OOTOILIEHHS B
aTMoc(pepax a3oTy Ta HOBiTpA 3MiHa MiKpOTBepAOCTi 06po0JeHUX ITOBEPXOHb
BimOyBaeThCSA BHACIILOK KOMILJIEKCHOTO BILJIMBY IeKiJIbKOX (PaKTOpiB: ImiaBuU-
IIeHHs CTYHeHs AUCIEPCHOCTI CTPYKTYPHU, YTBOPEHHS BUCOKOMIITHUX KyOid-
HuX HiTpuAiB Tutany Tuny TiN Tta ¢jopmMyBaHHA NepeCcCUUYEHUX TBEPAUX PO3UU-
HiB Briennsa HiTporeny ta OKcureHny y rpaTHuUIi o-tutamy. IlepepaxoBaHi
YMHHUKYW BUKJIUKAIOTHh 3POCTaHHA MiKPOTBEDJOCTI TOBEPXHEBUX IIIapiB 30HU
JasepHOro obrormieHHs o 7,82 I'lla (B armocdepi asory) Ta 6,56 I'lla (B atmo-
cepi moBiTps).

Karouosi cioBa: j1asepHa o0poOKa, 30Ha OOTOIIEHHS, MAPTEHCUTHE IIEPETBO-
PeHHs, MiKpPOTBEPHAiCTh, (ha30BUU CKJIAI.

(Received November 30, 2021; in final version, March 3, 2022 )

1.INTRODUCTION

At present titanium alloys are one of the main constructional materials
used in various industries. Applications of titanium and its alloys are
associated with their unique properties: high specific strength, corro-
sion resistance in many aggressive environments, elevated heat re-
sistance. However, along with the positive parameters titanium alloys
have some characteristics (including low hardness values), which limit
their usage as constructional materials.

Alloying and heat treatment do not allow significant increase in an-
tifriction properties of titanium alloys. There have been some reported
trials to eliminate this shortcoming by chemical-thermal processes.
The largest success has been achieved in nitriding of surfaces [1-6].
This technology, although limited, is widely used in industry. The
main disadvantages of the treatment are low productivity, high energy
consumption and insufficient depth of a reinforced layer.

One of the promising routes to improve mechanical properties of
surface layers for titanium alloys is heating and cooling at high speeds,
in particular laser treatment [7—14]. Known traditional technologies
for surface strengthening are quenching, cementation, nitriding, ni-
trocementation, hard alloy cladding techniques. Compared with all
these methods surface modification by laser has following advantages
for friction parts: possibility of local processing for a required areas,
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fast heating and cooling of a treated zone, high manufacturability of
process. At present the number of studies of surface structure for-
mation in such treatments is still insufficient. In addition, investiga-
tions of laser treatment of surface layer structure formation in differ-
ent gas environments still remain incomplete.

Therefore, the purpose is to study the structural state, phase trans-
formations and microhardness changes in the surface layers of heat-
resistant alloy VT-8 (Russia), which is close in chemical composition to
alloy TC11 (USA), after laser treatment in argon, nitrogen and air.

2. EXPERIMENTAL/THEORETICAL DETAILS

Samples of industrial titanium alloy VT-8 in the form of forged rods
with a diameter of 10 mm are selected as a starting material. The chem-
ical composition of the alloy is given in Table 1.

Samples for research are cut in the form of cylinders with a height of
5 mm from the initial rods. Laser treatment (LT) was performed on a
pulsed YAG laser QUANT-12 (1.06 um) in a protective atmosphere of
argon, air and nitrogen. The corresponding gas is supplied in the form
of a jet directly into the LT zone. The radiation power density is 0.8—
1.0 GW/m?; pulse duration—t =4-10"% s. The diameter of the laser spot
depending on the degree of defocusing of the beam ranged from 0.8—
1.0 mm. Changing the degree of overlap of the laser spots is achieved
by varying the frequency of the pulses. The phase composition of the
surface layers of the samples after LT and the morphological features
of the surface layers are controlled diffractometrically (MiniFlex
Rigaku, CuK, radiation) and metallographically (Epiquant).

3. RESULTS AND DISCUSSION

According to X-ray phase analysis, the sample in the initial state has
two phases. Reflections from h.c.p. a-titanium and cubic B-titanium
lattices are detected (Fig. 1, a).

LT in argon led to a change in the phase composition. In this case re-
flections only from a-phase lattice are found (Fiig. 1, b). The absence of
B-phase in the surface layers is due to rapid metal cooling from -
region. Thus, it is no diffusion process but rather martensitic p — o'-

TABLE 1. Chemical composition of titanium alloy VT-8.

Chemical elements, % wt.
Al | Mo | Zr | si [Fe| ¢ | O | H | N |Other
Basis 5.8-7.0 2.8-3.8 0.5 0.2-0.4 0.3 0.1 0.15 0.015 0.3 0.3

Ti
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transformation. Alloying elements dissolved in a-Ti lattice have stabi-
lized a-phase. It is known [15] that o’-phase, which is formed in mar-
tensitic transformation, is a supersaturated solid solution of alloying
elements in a-titanium. It has hexagonal lattice and a needle marten-
sitic structure.

Precise measurements of lattice parameters for a-phase after laser
treatment in argon show their decrease compared to the original sam-
ple (Table 2). This can be explained as following: f — o'-transformation
results a formation of supersaturated substitution solid solution of
molybdenum in «-Ti lattice. Since atomic radii of molybdenum are
smaller compared with that of titanium, it is feasible to assume that
lattice parameters of a-phase will decrease.

After LT in nitrogen reflections from three lattices are present on
the diffraction patterns: a-titanium, cubic TiN and weak peaks from [3-
titanium (Fig. 1, c¢). The presence of a small B-phase amount can be ex-
plained by the following. The laser melting zone is chemically hetero-
geneous. Therefore, in the areas heavily enriched with nitrogen, two
phases are formed: o-Ti and TiN. In this case B-phase will not be
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Fig. 1. XRD profiles from the surface layers of VT-8 alloy in the initial state
(a) and after laser melting in argon (), nitrogen (c), air (d).
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formed at all because nitrogen is an effective stabiliser for a-phase[15,
16] according to Ti—N equilibrium diagram.

However, it could be feasible that in areas with less nitrogen, the p3-
phase is first formed. Then this phase decays by monothectoid mecha-
nism and formation of molybdenum-stabilised BCC B-phase + o-Ti.
Since the total picture of phase composition in surface layers with a
depth of about 25—30 um is displayed in XRD analysis, all three phases
are visible on diffractograms.

Precise measurements of a-phase lattice parameters after LT in ni-
trogen showed an increase in them (Table 2). This could be due to the
following reasons. Solubility of nitrogen [16] in a-titanium is about 3
at.% at room temperature. At larger temperatures it is much higher
and can reach 22 at.% . In process of laser melting, a cooling rate of the
melt is approximately 10* K/s. This makes it possible to obtain the
high-temperature structure at room temperature. Obtained state is a
supersaturated solid solution of nitrogen in a-Ti, which is the reason
for the increase in lattice parameters.

It should be mentioned that two competing processes probably took
place in LT under nitrogen. On the one hand, atoms of molybdenum,
aluminium, and iron could replace titanium in the lattice. This would
lead to a decrease in the parameters of the crystal lattice. On the other
hand, some of nitrogen atoms could be embodied in octahedral pores of
hexagonal lattice. This would augment parameters of the lattice. It is
obvious that the formation of an embodiment solid solution influences
changes in lattice parameters more compared with atom replacement.
Thus, it causes the growth of a-phase parameters compared with the
original sample (see Table 2).

During laser melting of the sample surface in air, four phases are
found: a-Ti, B-Ti, tetragonal TiO, and cubic TiN (Fig. 1, d). In this case
weak reflections from the lattice of B-phase are also present on the
XRD-patterns. The reasons for their presence are similar to the treat-
ment in nitrogen (see the above).

After LT in air, an increase in the parameters of o-Ti is also observed

TABLE 2. Lattice parameters a-Ti of VT-8 alloy after laser surface treatment
in different atmospheres.

Lattice parameters, nm

Initial state LT in an argon LT in a nitrogen LOin the air

atmosphere atmosphere atmosphere

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
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(Table 2). According to [17] in Ti—O system, solubility of oxygen at
room temperature in o-titanium is approximately 10 at.% . At high
temperatures it reaches 35 at.% . Thus, at room temperature, a super-
saturated solid solution of atmospheric gases (oxygen and nitrogen) in
titanium lattice can be formed after rapid cooling. This causes an in-
crease in the parameters of a-phase lattice.

Measurements of surface microhardness showed its growth compared
with the initial state after LT in all studied atmospheres (Table 3). The
change in the values of microhardness after LT in argon is associated
with two factors: martensitic p — o'-transformation (o'-phase has a
higher value of microhardness compared to a-phase[18]) and augment-
ing of dispersion degree in the structure.

The increase in microhardness after LT in nitrogen and air is ex-
plained by the following: martensitic f — o'-transformation, increas-
ing the degree of structure dispersion, solid-solution hardening due to
embodiment of oxygen and nitrogen atoms in titanium h.c.p. lattice,
titanium nitride formation. It should be noted that the values of mi-
crohardness after LT in air are slightly lower compared with those ones
obtained in nitrogen. This is explained by higher concentration of TiN
after LT in nitrogen which ultimately yielded an increase in total mi-
crohardness.

Significant difference between the exterior surfaces melted in dif-
ferent gas environments is observed. Thus, treatment in an argon en-
vironment (Fig. 2, a) led to the formation of the almost mirror laser
spots on the surface of the samples. More or less contrasting image of
such spots could be observed only in side lighting. At the same time, a
weakly pronounced relief in the form of concentric circles is observed
on the spots surface, which is detected earlier in [19].

The presence of significant amounts of titanium nitride in the sur-
face layers after melting in an environment of nitrogen led to a golden
colour laser spots and the formation of more advanced relief (Fig. 2, b).
This is due to the fact that TiN nitride is a refractory compound
(2930°C) and the formation of the surface macrostructure occurred
very quickly, almost during the action of the radiation pulse (1 =4-107*
s). It gave no possibility for surface tension forces to smooth the sur-

TABLE 3. The phase composition of the samples and surface microhardness of
alloy VT-8 after LT in various gas atmospheres.

Type of treatment Phase composition Microhardness of
the surface, GPa
Initial state o-Ti, B-Ti H,=2.99+0.02

LT in an argon atmosphere a-Ti H,=5.62+£0.04
LT in a nitrogen atmosphere o-Ti, B-Ti, TiN H,=7.82+£0.18
LT in the air atmosphere o-Ti, B-Ti, TiN, TiO, H,=6.56+0.09
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Fig. 2. Macrostructure of the surface of VT-8 alloy after laser melting in ar-
gon (a), nitrogen (b) and air (c).

face of the laser spot.

A characteristic feature of the spots after melting in the air is the
lack of a shiny surface and the presence of light areas on the periphery
of the spot. This feature can be explained by the following reasons. At
high temperatures, the formation of refractory nitride TiN initially
occurred. According to [20], the TiN phase actively reacts with oxygen
at high temperatures. Then, when the temperature decreased to the
temperature of TiO, oxide existence (<1860°C [17]), the oxidation of
nitride began with the formation of an oxide film on the surface. The
presence of light-colored areas on the periphery of the spots is ex-
plained by two factors: firstly, lower temperatures in these areas due
to Gaussian energy distribution on the surface of the spots and, sec-
ondly, higher cooling rates of the melt, which did not allow sufficient
oxidation. That is, light areas can be identified as a mixture of nitride
and oxide.

According to metallographic analysis in the initial state grain size of
o-Tiis about 8 um, B-Ti—1.5 mm (Fig. 2, a).

LO in an argon atmosphere (Fig. 3, b) led to a change in the struc-
ture—in the surface cross-sections of the laser melting zone only the
structural components of the needle shape typical for the o’-phase are
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Fig. 3. The structure of the initial alloy VT-8 (a) and the surface layers of the
cross section of the laser melting zone in an argon (b), and nitrogen (c).
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observed i.e., the martensitic nature of the p - o'-transformation is
confirmed.

Metallographic studies of the sample after LT in nitrogen (Fig. 2, ¢)
detected an increase in structure dispersion compared with original
metal. It is impossible to detect the inclusion of nitrides by optical
metallographic analysis.

For all treatments, the structure is almost homogeneous for the en-
tire depth of the laser melting zone (180—200 um).

Thus, LT of VT-8 alloy increases microhardness of the surface lay-
ers. This is caused by high cooling rates of the melt which affect final
metal structure.

4. CONCLUSION

1. Due to the high cooling rates of the melt during surface laser treat-
ment of the two-phase alloy VT-8 in argon a complete polymorphic 8 —
— o'-transformation by the martensitic mechanism occurs, which to-
gether with increasing degree of dispersion of the structure leads to an
increase in microhardness from 2.99 GPa to 5.62 GPa.

2. Laser treatment of VT-8 alloy in nitrogen and air causes an increase
in microhardness in the surface layers of melted metal to 5.23 GPa and
4.49 GPa, respectively. This is due to simultaneous action of several
factors: increasing of dispersion degree in the structure, formation of
high-strength cubic titanium nitrides and development of supersatu-
rated solid solutions with nitrogen and oxygen in a-titanium lattice.
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