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The paper considers the influence of two technologies of alphanizing (oxidation) on the structure and
properties of the deformable titanium alloy BT6, which is used, in particular, in the aviation and space in-
dustries. The application of oxide coating by methods of chemical-thermal treatment (CTO) allows to com-
pensate for the main drawback of the alloy — low wear resistance of the surface. The initial set of proper-
ties increases.

The objects of research are titanium alloy BT6 and its oxide coatings. Two samples of the part with ox-
ide coatings obtained by different technologies were compared. The first technology is alphanizing in fine-
grained graphite, the second one is alphanizing in a vacuum.

The aim of the work is to find out the influence of two technologies of alphanizing on the structure and
properties of the BT6 alloy. Alphanizing was carried out: 1) in fine-grained graphite at a temperature of
800 + 10 ° C with exposure for 8 hours, 2) in an electric furnace at a temperature of 760—780 ° C in a vac-
uum of 107 = 107 mm Hg. for 1.5-2 hours. A study of the microstructure (light and electron microscopy)
was performed. We used a microscope type Carl Zeiss Axio Observer Alm using a digital camera, adapter
devices for converting an optical signal, a computer. Statistical processing was carried out according to
the SIAMS700 program. Electron microscopic studies were performed using a scanning electron micro-
scope (SEM) EVO 50 with an energy-dispersive microanalyzer INCA Energ 350.

X-ray phase analysis was carried out using an X-ray diffractometer Shimadzu XRD7000, Japan (CuKa
radiation, monochromator), in the following mode: range from 5 to 70 ° on a scale of 20, increments of
0.03°, scanning speed of 1.5 °/ min. Powders obtained from two types of coatings were investigated.

The microhardness of the samples was measured on the DM8 microhardometer according to GOST
9450-76. The wear resistance of the alloy was assessed at a special laboratory installation. The phase
composition and structure of the BT6 alloy after alphanizing were clarified. In the diffusion layer, the fol-
lowing points were detected: after alphanizing in graphite — TiO, phases; Ti;O; TiN. After carbonation in
vacuum — TiO,, TigOy,. In the alphad layer, after processing in graphite, grains of a — solid solution, in-
termetallics Ti—AIl-V, Ti—V and Ti—-Al were detected; the alphanized layer contains more titanium after
treatment in vacuum, and areas with 100% (at.) titanium have also been identified; the region of solid solu-
tion (a) and the intermetallics Ti—-Al-V, Ti—V and Ti—Al are visible. The thickness of the oxidized layer is on
average 103.6 um (graphite), and in a vacuum — 66.8 um. The average grain size in the layer is 17.2 um
(graphite); 6.0 um (vacuum). It has been established that chemical-thermal treatment (alphanizing) con-
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tributes to a significant increase in microhardness in the diffusion layer. The hardness of HV580 (vacuum)
and HV724 (graphite) was obtained on the surface. Alphanizing in graphite and in vacuum ensures the
wear resistance of the product, but the best result is obtained after alphanizing in a vacuum. Both tech-
nologies improve the properties, but it is more profitable to carry out alphanizing in a vacuum, since in this
case the process is carried out within 2 hours instead of 8 hours in graphite. Alphanizing (oxidation) pro-
vides wear resistance of the BT6 alloy, which contributes to the reliable operation of the product during
operation.

Keywords: alphanizing, titanium alloy BT6, microstructure, microhardness, wear resistance, X-ray
phase analysis.
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B pabome paccmompeno snusinue 08yx mexHoao2ull anb@uposanus (OKUCIeHUs) HA CMPYKMYPY U C8OL-
cmaa degopmupyemo2o mumanogozo cniasa BT6, komopulii npumensiom, 8 4acmHocmu, 8 asUAyUOHHOU U
KOcMuyeckol npomviutienHocmuy. Hanecenue 0OKcuoHo2o0 NoKpulmusi Memooamu XUMUKO-MepMuieckou
oopabomxu (XTO) noseonsem KOMREHCUPOBAMb OCHOBHOU HEOOCMAMOK CHIABA — HU3KYIO UZHOCOCMOU-
Kocme nogepxrocmu. Ilosviuiaemes ucxoOHblll KOMRAEKC CBOUCME.

Obvexmamu uccnedo8anust A6aA0mMcss mumaroswviii cnias BT6 u eco oxcuonvie nokpvimus. Cpagrusanu
06a 0bpaszya 0emanu ¢ OKCUOHBIMU HOKPLIMUAMU, HOJYYEHHLIMU NO PA3HBIM mexHono2usm. Ilepeas mex-
HON02UsL — AbPUPOBAHIUE 8 METKO3EPHUCTNOM cpaghume, 8mopas — Alb@Uuposanue 8 8axyyme.

Llenv pabomol — ebisicHums GnuUsIHUE 08YX MEXHOIO2UL ANbDUPOBAHUSL HA CIMPYKMYPY U C8OUCBA CHIAA-
6a BT6.

Anvpuposanue nposederno. 1) 6 menxozepuucmom epagume npu memnepamype 800+10 °C ¢ svloeporc-
Koti 6 meuenue 8§ u; 2) 6 snexkmponeyu npu memnepamype 760-780 °C @ saxyyme 1 0'=107 mm pm. cm.
6 meuenue 1,5-2 u.

Buinoaneno uccaedosanue Mmuxpocmpykmypul (c6emo8as i 31eKmpoHHAS MUKPOCKONUS).

Hcnonvzosanu muxpockon muna Carl Zeiss Axio Observer Alm ¢ npumenenuem yugposoii xamepul,
NepexooHbIX YCMpPOoUCcme npeodpasz0eanis ONMUYecKo2o CUzHaNd, KOMNbiomep.

Ilposedena cmamucmuueckas oopabomra no npoepamme SIAMS700.

DnexmpoHHO-MUKPOCKORUYECKUe UCCIe008AHUS BbINOJHEHbL C UCHONIb30BAHUEM PACPOBO20 INEKMPOH-
Hoeo mukpockona (POM) EVO 50 ¢ suepeooucnepcuonnvim mukpoanaiuzamopom INCA Energy 350.

Penmeenogaszosviii  ananuz nposeden ¢ NOMOWBI PEeHMeHO8CK020 Ougpakmomempa Shimadzu
XRD7000, Anonus (usnyuenue CuKa, monoxpomamop), é ciedyiouem pesxcume: ouanazon om 5 0o 70° no
wrane 20, waecom 0,03° cxkopocmv ckanuposanus 1,5 °/mun. Hccredosanu nopowku, noiyientsie ¢ 08yx
81008 NOKPLIMULL.

Muxpomeepoocmob 06pazyos usmepsiiu wa mukpomsepoomepe DMSE no F'OCT 9450—76. Hznococmoii-
KOCMb CNIA8a OYeHUBAIU Ha CNeyuaIbHOU 1a00pamopHoll yCMaHo8Ke.

Buusicnen ghazoswiti cocmas u cmpykmypa cnnasa BT6 nocne anvghuposanusi.

B oughgpyzuonnom cnoe obnapysicenvi: nocie anvpuposanus 6 epagpume — gaszwr TiO,; Ti;O; TiN. Ilo-
cne anvgpuposanus 6 sakyyme — TiO,; TisO;). B anegpuposannom cioe nocie obpabomxu 6 epagume 6visa6-
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JIeHbl 3epra o — meepdozo pacmeopa, unmepmemaniudvl Ti-Al-V, Ti-V u Ti-Al; 6 anvguposannom cioe
nocie obpabomKu 6 8aKyyme cooepucumcs 6oavule mumana, makice eviasnensvt yuacmxu co 100 % (am.)
mumana, euoxa odracmv meepooco pacmeopa (o) u unmepmemaniuovl Ti-Al-V, Ti-V u Ti-Al. Tonwyuna
OKCUOUPOBAHHO20 1051 cocmasisiem 8 cpednem 103,6 mxm (epagum), a 6 saxyyme — 66,8 mxm. Cpednutl
pasmep 3epHa 8 cioe cocmasasiem 17,2 mxkm (epaghum); 6,0 mxm (8axyym). YemanoeieHo, ymo Xumuko-
mepmuveckas obpabomxa (arbuposanue) cnocobcmsyem CyuecmseeHHoMy NOSbIUEHUI0 MUKPOMBEPOOo-
cmu 8 oughghyzuonnom croe. Ha nosepxnocmu nonyuena meepoocmo HV580 (saxyym) u HV724 (epagpum).
Anvpuposanue 6 epaghume u 6axyyme obecneuusaem usHOCOCMOUKOCHb U30eUs, OOHAKO TYUUULL Pe3yb-
mam noayuen nocie arouposanus 6 saxyyme. Obe mexnonocuu yiyuularom ce0lCmed, Ho 8bl200Hee Npo-
600UmMb anbPuUPOsaAnUE 8 AKYYMeE, MAK KAK 8 JMOM CIydae npoyecc npogoosim 6 meveHue 2-x 4 emecmo 8
u 6 epaghume. Anvghuposanue (okcuouposarue) obecneuugaem usHococmoukocms cnaasa BT6, umo cno-
cobcmayem HadedCHoU pabome u3oenus npu IKCHIYAMayuu.

Kniouesvle crosa: anvpuposanue, mumanoswiii cnias BT6, muxpocmpykmypa, mMukpomeepoocmo, u3-
HOCOCMOUKOCMb, peHmM2eHOpa308blll AHAIU3.

Introduction

The advantages of titanium are known: low density (4.5 g/cm®), high specific strength, corrosion
resistance, manufacturability during pressure treatment and weldability, cold resistance, high resis-
tance to solar radiation, non-magneticity and other valuable physical and mechanical characteristics.

Titanium alloys are used in rocket and space technology, shipbuilding, and transport engineering.
The creation of high-strength titanium alloys led to the emergence of supersonic aircraft. It is believed
that titanium alloys are promising for use in the food industry. They are used in refrigeration and cryo-
genic technology, medicine, and construction (Japan).

The structure and properties of titanium alloys are given in [1-9]. Alloys have low wear resistance.
To increase antifriction properties, parts made of titanium alloys are subjected to alphanizing (oxida-
tion), i.e. the surface of titanium alloys is saturated with oxygen at elevated temperatures. Oxidation
leads to the formation of an oxide film and a layer of solid solution of oxygen in titanium on the sur-
face (alphanized layer). Alfanizing technologies are given in [10-16]. Chemical-thermal treatment
takes place. Alfanizing is performed, in particular, in fine-grained graphite [12] and vacuum [13].

The purpose of this work is to find out the effect of two alfanizing technologies on the structure and
properties of the BT6 alloy.

Materials and research methods

Titanium deformable alloy BT6 was chosen for the study. It is alloyed with aluminum (from 5.3 to
6.8 % wt.) and vanadium (from 3.5 to 5.3% wt.) [17]. The structure and properties of the BT6 alloy
are described in sources [1-9].

Chemical-thermal treatment was carried out for a sleeve made of BT6 alloy. Alphanizing (oxida-
tion) was carried out using two technologies:

1) in fine-grained graphite at a temperature of 800+10 °C with exposure for 8 hours [12];

2) in electric furnaces at a temperature of 760—780 °C in a vacuum of 10—1-10-3 mm Hg. for 1.5-2
hours [13].

Metallographic studies of samples cut from the sleeve were carried out on an optical-computer me-
tallography installation, which includes a Carl Zeiss Axio Observer Alm microscope using a digital
camera, optical signal conversion adapters, and a computer. Structure studies were performed at mag-
nifications x200, x500, x1000.

STAMS700 software was used for quantitative analysis of the obtained images.

Electron microscopic studies were performed using an EVO 50 scanning electron microscope
(SEM) with an INCA Energy 350 energy-dispersive microanalyzer.
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X-ray phase analysis was carried out using a Shimadzu XRD7000 X-ray diffractometer, Japan
(CuKa radiation, monochromator), in the following mode: range from 5 to 70° on a 20 scale, step
0.03°, scanning speed 1.5°/min. Powders obtained from two types of coatings were studied.

The microhardness of the samples was measured using a DM8 microhardness tester according to
GOST 9450-76 [18]. The measurement was carried out at a load of 100 gf (980.665 mN) from the
edge of the sample to the center. The distance between the centers of two adjacent prints is 70 pm, the
distance between two adjacent rows of prints is 70 um. Between the rows of prints there is also a 10
pum offset from the edge to the center of the sample. The microhardness of alphanized coatings ob-
tained using two technologies was assessed. 60 measurements were made on each sample. The arith-
metic averages of the obtained microhardness values were calculated.

Tests for wear resistance of the samples were carried out using a special device. Belts of sanding
paper with a grain size of P120 (abrasive grain size 100-125 um) were passed through the slot, onto
which the sample was placed. Next, the sample was pressed with a load weighing 1 kgf and the tape
was pulled through. The piece of tape that abrases the surface has a length of 1 m and a width of 1 cm.
After pulling, the sample was cleaned of abrasive dust and weighed on a VLTE-150 scale with an ac-
curacy of 0.001 g, after which the test was repeated. As a result, the wear path of each sample was 10
m.

Research results and discussion

Metallographic analysis. BT6 alloy belongs to the titanium — aluminum (6%) — vanadium (4%)
system. This is a deformable two-phase o+f alloy, where a is a solid solution of aluminum (and vana-
dium) in a-Ti with an hcp lattice; B — is solid solution of aluminum (and vanadium) in B-Ti with a bcc
lattice. Titanium is a polymorphic metal. Alloying the BT6 alloy with aluminum strengthens and stabi-
lizes the a-phase, increases the Acs temperature, and reduces the specific gravity of the alloy. Vana-
dium is a B-stabilizer. It reduces the temperature of the a+f— B-transition, which for the BT6 alloy is
960-1000 °C [1; 4]. The work [9] presents a state diagram of the titanium-aluminum system.

In the titanium-rich region, two intermetallic compounds TizAl (o,-phase) and TiA1l (y-phase) are
formed. The a, phase (Ti;Al) has an hcp crystal structure, close to the lattice of the a phase, but dif-
fers from it in the ordered arrangement of titanium and aluminum atoms. The y (TiAl) phase has an
ordered tetragonally distorted face-centered structure, similar to the CuAu superstructure, in which
layers packed with titanium atoms alternate with layers occupied by aluminum atoms.

In the titanium-rich region, two peritectic transformations occur: (1 + ) — a (at 1475 °C) and (1 +
o) — v (at 1447 °C). At a lower temperature (1118 °C) it is observed eutectoid decomposition of the a-
phase according to the scheme o — a, + y. The solubility of aluminum in o-Ti decreases with decreas-
ing temperature and is 10, 9 and 7% (by weight) at temperatures of 900, 800 and 600 °C respectively.

Oxygen is an o-stabilizer, i.e. it expands the region of the a-phase. The state diagram of the tita-
nium-oxygen system is shown in Fig. 1.

Oxygen significantly dissolves in o-Ti and sharply increases the temperature of the polymorphic
transformation of titanium [19]. At 1720 °C the peritectic reaction L + (0-Ti) — (B-Ti) occurs. The
maximum solubility of oxygen in (3-Ti) is 8% (at.) at 1720+25 °C. The melting point (a-Ti) reaches a
maximum of 1885425 °C at a content of approximately 24% (at.) oxygen. With a further increase in
oxygen content, the melting point of the alloys decreases slightly. At temperatures below 600 °C, there
are two oxides Ti;O and Ti,O with a hexagonal crystal lattice. At these temperatures, TicO suboxide
may form in alloys with higher titanium content.

In the titanium-oxygen system, the following intermediate phases may be present: Ti;O, Ti,O,
Ti502, yTiO, aTiO, aTi,0;, aTi30s, BTi30s, TiO, (TiO, — rutile; TiO, — anatase; TiO, — brockite) [19].
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Fig. 1. Diagram of the state of the titanium-oxygen system [19; 20]
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The studied microstructures and the results of their processing are shown in Fig. 2—12.

Fig. 2. Microstructures of BT6 alloy after alfanizing in graphite:
a— — is the surface layer; 0, e — is the center of the sample; a — x200; 6 — x500;
8, 2— %x1000; 0 — x500; e — x1000 (Start)
Puc. 2. MukpoctpykTypsl cisiaBa BT6 nociie anbdupoBanust B rpadure:
a—e — MOBEPXHOCTHBIH CJI0#t; 0, e — 1leHTp 00pasua; a — x200; 6 — x500;
8, 2— %x1000; 0 — x500; e — x1000 (Hauano)
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Fig. 2. Completion
Puc. 2. Oxonvanne

Fig. 3. Microstructures of BT6 alloy after alphanizing in vacuum:
a, 6 — surface layer; 6, 2 — the center of the sample; a, 6 — x500; 6, 2 — x1000

Puc. 3. Mukpoctpykrypsl ciutaBa BT6 mocie ans(upoBaHus B BakyyMme:
a, 6 — TIOBEpXHOCTHBIH CJI0Hi; 6, 2 — LeHTp o0pasua; a, 6 — x500; 6, 2 — %1000

The study showed that in the center of the sample there are two phases of the globular (equiaxed
grains) type o+f3: a — light; B — dark (see Fig. 2, 3).
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Statistical processing of microstructures was carried out after alphanizing in graphite (Fig. 4, 7), as well
as after alphanizing in vacuum (Fig. 10) in the SIAMS 700 program. The results are presented in histo-
grams (Fig. 5, 6, 8,9, 11, 12).

Fig.. 4. Microstructure of the BT6 alloy after alphanizing in graphite. x200

Puc. 4. Muxpoctpykrypa cnasa BT6 nocie ansupoBanus B rpagure. 200

%
20+
Number of measurements 25
Minimum length, pm 10.5
10- Maximum length, pm 23.0
Average length, pm 17.0
0 2 46 810 13 16 19 22 25
MK
Fig. 5. Thickness of the dark coating layer after alphanizing in graphite
Puc. 5. Tonmmua TEMHOTO €10sI HOKPBITUS [OCIIE anb(UPOBAHUS B rpaduTe
% —
301
Number of measurements 20
20+ Minimum length, pym 62.2
Maximum length, pm 118.0
10- Average length, pm 93.6

0 20 40 60 80 100 120 140
MK

Fig. 6. Thickness of the light layer after alphanizing in graphite

Puc. 6. TonmuHa CBETIIOro 105 Nocie anb(QUpoBaHus B rpadure

After alphanizing, several diffusion layers were revealed in graphite (Fig. 4), which differ in color.
A thin dark layer (oxide film) with a thickness of 17.0 pm (average) is observed on the surface of the
sample. Then a light alpha layer with a thickness of 93.6 um (average value) is visible. The total
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thickness of the coating, calculated by adding the average thicknesses of the dark and light layers, is
110.6 um (Fig. 5, 6).

We also measured the thickness of the layer in the sample after alphanizing in graphite using the
microstructure shown in Fig. 7.

Fig. 7. Microstructure of the BT6 alloy after alphanizing in graphite. x200

Puc. 7. Mukpoctpykrypa cruiaBa BT6 nocne anbdupoBanus B rpadure. x200

% —
50
40
Number of measurements 22

30 Minimum length, pm 80.3
20- Maximum length, pm 122.7

| Average length, pm 96.5
10 r

0 20 40 60 80 100 120 140
MKM

Fig. 8. Thickness of the coating after alphanizing in graphite (dark and light layers)

Puc. 8. TonuriHa NOKpeITHS MO anbGupoBanus B rpadute (TEMHBIN U CBETIIBIN CIIOH)

The average thickness of the coating (dark and light layers together) in Fig. 7 is 96.5 um (Fig. 8).
The grain size in the diffusion layer obtained after alphanizing in graphite was determined (Fig. 9).
The average grain size is 17.2 pm.

%
187 —
16 L
147 L
127 Number of measurements 34
107 Minimum length, pm 7.4
8] Maximum length, pm 34.5
2 Average length, um 17.2
2 [ ] ‘ ‘ |
0 10 20 30

MK
Fig. 9. Grain size in the diffusion layer (alphanizing in graphite)

Puc. 9. Pa3mep 3epHa B nuddys3nonHoM cioe (aibhupoBanue B rpapure)
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Alphanizing in a vacuum (Fig. 10) contributed to the formation of a light alphanized layer with a
thickness of 56.2 um (Fig. 11). No oxide layer was detected on the surface.
The average grain size in the diffusion zone according to Fig. 12 was 6 microns (vacuum).

Fig. 10. Microstructure of the BT6 alloy after alphanizing in vacuum. x500

Puc. 10. Mukpoctpykrypa cmiaBa BT6 nocie anbupoBanus B Bakyyme. 500

% —
40
301 Number of measurements 8
Minimum length, um 493
20 Maximum length, pm 66.8
104 ’— Average length, pm 56.2
0 T

0 10 20 30 40 50 60 70
MKM

Fig. 11. Thickness of the coating layer obtained after alphanizing in vacuum

Puc. 11. TommuHa c10si MOKPBITHS, TOJYYSHHOTO TIOCIE allb(UPOBAHUS B BAKYyME

%

2 B

18

15 Number of measurements 28
12 Minimum length, pm 2.9
g Maximum length, pm 9.6
& Average length, pm 6.0
3

o LT

0 1 2 3 4 56 6 7 8 8 10

MKM
Fig. 12. Grain size in the coating obtained after alphanizing in vacuum

Puc. 12. Pasmep 3epHa B HOKPBITHH, IIOTYYCHHOM II0CIE aTb(UPOBAHUS B BAKyyME

According to literature data [12], the coating thickness of the product should be > 40 um. The proposed
technologies made it possible to obtain a layer (minimum values) > 72 pm (graphite) and > 49 um (vac-
uum), which ensures that the requirements for the part are met.
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The structure of deformed titanium alloys is largely determined by the temperature and rate condi-
tions of deformation [5].

The structure may contain twins. Phase o has a GP crystal lattice. In titanium with a GP lattice, the
direction of twinning is <1011>. Twinning plane {1012} [1; 2].

In the alphanizied layer (a-phase, HP lattice), parallel lines (plates) are observed in individual light
grains. This may be due to the polymorphic transformation of titanium upon heating:  (BCC) — a
(GP). According to the principle of structural and dimensional correspondence to P.D. Dankov and
S.T. Konobeevsky, the shape and orientation of the nuclei of a new phase during crystallization in an
anisotropic medium should contribute to a minimum surface energy, and the minimum is obtained
with the greatest similarity in the arrangement of atoms on the touching faces of the old and new phas-
es. In titanium, during the polymorphic transformation f (BCC) — a (GP), mutually parallel planes:
{001}p is parallel to {110},. Mutually parallel directions: <110>f parallel to <111>,. B.G. Livshits in
[21] explains that in metals “almost always, when a new phase o is formed inside the old phase f3, a
greater or lesser structural correspondence is observed between the phases, that is, there are planes and
directions that are similar in the arrangement of atoms. In the case of sufficient correspondence, the
crystal shape of the resulting phase depends on the anisotropy of the elastic properties of both phases.
If the elastic moduli of the o phase for all directions are less than the elastic moduli of the 3 phase,
then the o phase will precipitate in the form of plates upon cooling.” This lamellar shape of the o
phase can be observed in Fig. 10.

Electron microscopic examination. The images obtained during the SEM study are presented in
Fig. 13—19. Below each image is data on the chemical composition of the selected areas (spectra).

¢ ?irmm—ﬂ 4 b
foscmme_ : Spectrum Al Ti v

5 T 1 88.69 11.31

i 2 12.07 87.93

forcumn> | 3 13.63 86.37

4 14.33 85.67
i 4 5 8.69 80.76 10.55

SEh Fren? | 6 15.18 84.82
h ; 7 86.19 13.81

40 pm 1 electronic Image

Fig. 13. Microstructure and chemical composition in spectra (at. %)
of the BT6 alloy (graphite, sample center)

Puc. 13. MukpocTpykTypa 1 XUMHUYECKHH COCTaB B CHeKTpax (aT. %)
cmasa BT6 (rpadur, nentp obpasua)

Solid solution grains were detected (spectrum 2, Fig. 13): 12.07% aluminum; 87.93% titanium. In-
termetallic compounds are visible: 88.69% titanium; 11.31% vanadium (spectrum 1); 8.69% alumi-
num; 80.76% titanium; 10.55% vanadium (spectrum 5); 86.19% titanium; 13.81% (at.) vanadium
(spectrum 7).

In the structure in Fig. 14 a-phase grains are seen (spectrum 2: 78.68% titanium; 14.60% alumi-
num). Precipitates along grain boundaries (spectrum 1) — phase containing 12.32% aluminum; 71.03%
titanium; 10.58% vanadium. There is a phase with oxygen (spectrum 4): 77.26% oxygen; 3.95% alu-
minum; 12.64% titanium. Spectra 5, 6, 7 — phases along the grain boundaries of the o — solid solution.
They contain 11.02-12.17% aluminum; 68.73-70, 66% titanium; 9.82—12.06% vanadium. Spectrum
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8-phase containing 15.50% aluminum and 78.80% titanium. Spectrum 9 — titanium-based solid solu-
tion (90.23% titanium).

Spectrum (0) Al Ti v
1 1232 71.03 10.58
2 14.60  78.68
4 77.26 3.95 12.64
5 1190  68.73 10.13
6 12.17 70.66 9.82
7 11.02 70.51 12.06
8 1550  78.80
9 90.23

100 pm 1 electronic image

Fig. 14. Microstructure and chemical composition in the spectra (at. %)
of the alphanized layer of the alloy BT6 (graphite)

Puc. 14. MUKpOCTpYKTYpa K XHMHUYECKHUI COCTaB B CIIEKTpax (aT. %)
anb(pupoBaHHOTO ciiost criaBa BT6 (rpadur)

Spectrum Al Ti v
1 4.51 84.25 11.24
2 6.49 89.95 3.55
3 7.70 90.26 2.04
4 7.29 89.71 3.01
5 7.17 91.11 1.73
6 4.81 82.18 13.02
7 5.39 81.64 12.98

20 pm ' eleetronic image

Fig. 15. Microstructure and chemical composition in the spectra (at. %)
of the alphanized layer of the BT6 alloy (vacuum)

Puc. 15. MUKpoCTpyKTYypa 1 XHMHYECKHI COCTaB B CIIEKTpax (aT. %)
anb(pUpPOBaHHOTO ci1ost cruiaBa BT6 (Bakyym)

No oxygen was detected in the layer (Fig. 15). A region of solid solution was identified: 7.17%
aluminum; 91.11% titanium; 1.73% vanadium (spectrum 5). Intermetallic compounds are visible along
the boundaries: 4.51% aluminum; 84.25% titanium; 11.24% vanadium (spectrum 1); 4.81% alumi-
num; 82.18% titanium; 13.02% vanadium (spectrum 6); 5.39% aluminum; 81.64% titanium; 12.98%
(at.) vanadium (spectrum 7).

Scientists from many countries have shown interest in studying the ternary diagram of titanium —
aluminum — vanadium, since the alloys of this system are important for use in various fields of modern
industry. Thus, in 2014, a work by Chinese scientists was published [21], in which the Al-Ti—V ter-
nary system was studied. An analysis of 42 literary sources was carried out. Information about binary
systems Al-Ti, Ti-V, Al-V is provided. Thermodynamic modeling was performed. Isothermal sec-
tions were constructed at 800, 900, 1000, 1100, 1200 °C. A good agreement was obtained between the
experimental and calculated data. The phases of the ternary system have been clarified. The authors
believe [21] that the work will make it possible to develop new alloys based on the Al-Ti-V system.
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X-ray phase analysis. Powders of two samples were studied after oxidation using two technologies.
Oxides TiO,, Ti30, TigO;; and titanium nitride TiN were discovered (Fig. 16). In the sample alpha-
nized in graphite, TiO,, Ti;0, and TiN phases were detected in the surface layer. In the sample alpha-
nized in vacuum — Ti10, and TisOq;.

X-ray phase analysis was also performed at the center of the sample. The phases identified were
A13T117 ((Al,V)3T117) - 948%, T107V03 -5.2% (Flg 17)

1_19[]4 C=93.4: 1: 87- 7T10:AS 360: Ti 02: Rutlile, syn; Titanium Dade: Fi= 64; Hef
21 C=4.19: 0.05: 73-1583:Al 401: Ti3 0: : Titanium Dxide: R= 39: H=4421:1
C=1.65: 0.02: 87- 632:Al 406: Ti N: Dsbormite, syn: Titanium Nitride: R=
C=0,69; 0.02; 74-7075:A1 964; Ti: ; Titanium; A= 57: H=4256; 1=32
(1] M Ti
=
=
i
s
P
.
n""‘ﬂu«u.. JL . ;
TE F 4 E % & 2 B % & £ 28 2 & & & as 2 EEe

2_1904 | |C=11.0; 0.25; 87- 710:AS 360; Ti D2; Rutile, syn: Titanium Oxide;: H=308
21 C=23.4; 0,951 89-5009:A1 643; Ti: Titanium, syn: Titanium; A= 61; H=0;
C=65.5; 0,38; 85-1058:P5 92; Ti6 011; ; Titanium Oxide; R= 14; H=3366

23 70,k

cpEhEHERERERNERRdBHER

I||I| I

Fig. 16. X-ray phase analysis of the BT6 alloy after alphanizing
in graphite medium (1) and in vacuum (2)

Puc. 16. Pentrenodazonslii ananus ciuiaBa BT6 nocne anbduposanus
B cpenie rpadura (1) u Bakyyme (2)

C=94.8:1: 77-6855:PB 601: [ Al2 Ti17 J0.1; ;: Aluminum Titanium: R= 83: H=4491: 1=3419

C=5.19: 0.088: 81-9817:P1 966: Ti0.7 ¥0_3: : Titanium ¥anadium: R= 86: H=0: 1=3486254
Al ¥ Ti

8.57% 1.62% 89.7%

. A A

T 20 22 20 25 25 30 a2 a4 % 3 40 42 44 45 45 50 52 54 5 58 60 62 64 6 68 70 72 74 75 78

Fig. 17. X-ray phase analysis of the BT6 alloy (center)

Puc. 17. Pentrenogazosblii ananus craBa BT6 (1ieHTp)
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Microhardness study. 1t has been established that chemical-thermal treatment contributes to a sig-
nificant increase in microhardness in the diffusion layer (Fig. 18).

Alphanizing in graphite made it possible to obtain microhardness HV724 at a distance of 10 um
from the surface. Then the microhardness values decrease and at a distance of 100 pm the microhard-
ness is HV315.

Alphanizing in vacuum made it possible to obtain microhardness HV580 at a distance of 10 um

from the surface. Then the microhardness values decrease and at a distance of 100 pm the microhard-
ness is HV320.

HV == ilphoning in graphite =@= alphoning in vacuum

750 F
650
550
450 |

350

25“ 1 1 1 L 1 L L 1 1 1
0 10 20 30 40 50 o0 70 80 9 100

Distance from the sample surface to the center

Fig. 18. Microhardness of the BT6 alphanized alloy

Puc. 18. MukpoTBepaocTts anbpupoBanHoro cruiaa BT6

Wear resistance research. The test results are presented in Fig. 19.
Research has revealed that alphanizing using two technologies ensures the wear resistance of the
product, but the best result is obtained after alphanizing in a vacuum.

14

=®=alphoning in vacuum

10 [ - alphoning in graphite

L.m

Fig. 19. Loss of sample mass (Am) of the BT6 alloy at abrasive wear path length (L) of 1-10 m
after alfanizing in graphite and in vacuum

Puc. 19. TIloreps macchl 0Opasua (Am) crutaa BT6 npu anmune nyti
abpasusHoro usHoca (L) 1-10 m nocne anspupoBanus B rpagute U Bakyyme

Conclusion

1. The phase composition and structure of the BT6 alloy after alphanizing have been determined:

— TiO, phases were found in the diffusion layer after alphanizing in graphite; Ti;O; TiN, after al-
phanizing in vacuum — TiO,; TisOyy;
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— in the alphanized layer after processing in graphite, grains of a — solid solution, Ti-Al-V, Ti-V
and Ti-Al intermetallic compounds were identified; after treatment in vacuum, more titanium is con-
tained, areas with 100 at.% titanium are also identified, a solid solution region (o) and Ti-Al-V, Ti-V
and Ti-Al intermetallic compounds are visible.

The thickness of the oxidized layer is on average 103.6 microns (graphite), and in a vacuum — 66.8
microns. The average grain size in the layer is 17.2 microns (graphite); 6.0 pm (vacuum).

2. It has been established that chemical-thermal treatment (alphanizing) contributes to a significant
increase in microhardness in the diffusion layer.

Alphanizing in graphite made it possible to obtain HV724 (10 um) on the surface. Then the micro-
hardness values decrease and at a distance of 100 wm the microhardness is HV315.

Alphanizing in a vacuum made it possible to obtain HV580 (10 pm) on the surface. Then the mi-
crohardness values decrease and at a distance of 100 um the microhardness is HV320.

3. Research has revealed that alphanizing in graphite and vacuum ensures wear resistance of the
product, but the best result is obtained after alphanizing in a vacuum.

4. Alphanizing using two technologies helps to obtain diffusion layers with a thickness of more
than 40 microns (as required by design documentation), leads to an increase in microhardness and
wear resistance. However, it can be recommended that the alphanizing of the BT6 alloy be carried out
in a vacuum, since this technology is carried out for 2 hours instead of 8 hours (in graphite).
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