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Abstract: Problem. Currently, in the field of research on alloys based on orthorhombic Ti,AINb aluminide, there
are no data on the relationship between heat treatment modes, structural parameters, and mechanical characteristics
to ensure a balance of strength and ductility. Aim. To establish the relationship between heat treatment modes, mi-
crostructural characteristics (O-phase sizes, ax-phase volume fraction) and mechanical characteristics at room tem-
perature, as well as to determine the heat treatment mode that provides the best balance of strength and ductility for
the VTI-4 alloy. Methods. In this work, the method of isothermal multidirectional forging was applied to form a fi-
ne-grained globular structure in order to improve the ductility characteristics of the alloy. Subsequent two -stage heat
treatment was carried out in the a,+B+O-phase region. Mechanical characteristics were determined by tensile testing.
Results. The influence of quenching and aging temperature on the size and volume fraction of o, and O-phase parti-
cles was investigated. The choice of heat treatment modes aimed at forming a structure that ensures high strength
and ductility properties of the VTI-4 alloy is substantiated. It was established that when heating for quenching to
T=900 °C, O-phase precipitates are retained at triple junctions along B-grain boundaries; during subsequent aging,
O-phase particles and interlayers are formed, the thickness of which increases with rising temperature, leading to
a decrease in strength and ductility. It was also established that heating for quenching from the upper part of
the o, +B+O-phase region (T=960 °C) preserves the globular microstructure, leading to the dissolution of O-phase
particles and, accordingly, saturating the B-phase with alloying elements. Increasing the quenching temperature also
reduces the volume fraction of a»-phase particles and prevents the formation of O-phase interlayers along B-grain
boundaries during aging in the temperature range of 760—-800 °C. Conclusions. The study of the influence of aging
temperature in the range of 760—840 °C revealed that the lower the temperature, the smaller the thickness of O-phase
particles, the higher the strength, and the lower the ductility. The optimal heat treatment mode was determined:
quenching at T=960 °C for 1=2 h and aging at T=800 °C for t=6 h. After such heat treatment, the wrought VTI-4
alloy demonstrates high strength and ductility (c9.2=1180 MPa, 6y=1300 MPa, 6=6.2 %).
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INTRODUCTION

Alloys based on orthorhombic Ti,AINb aluminide,
including the domestic VTI-4 alloy, are attracting in-
creasing attention due to their low density, high specific
strength, enhanced heat resistance, and fire safety [1-3].
These properties make them promising for applications
in compressor and turbine components of aircraft en-
gines, as well as in ground-based power plants operating
at temperatures of 600—750 °C [4; 5]. At the same time,
these alloys are multiphase, and consequently, their me-
chanical characteristics depend on the size and volume
fractions of the phases [5; 6].

The phase composition of the alloys (B-, a-, and
O-phases) varies depending on the heating temperature.
Control over the quantity of phases, their ratio, crystal
structure, and degree of ordering is achieved through alloy-
ing and processing regimes [7-9]. Recent studies empha-
size the importance of controlling the size, morphology, and
distribution of phases to achieve an optimal balance of
strength, ductility, and heat resistance in Ti;AINb-based
orthorhombic aluminide alloys [7; 10].

In addition to classical heat treatments, approaches to
processing such alloys include thermomechanical treatment
with large plastic deformations. For example, the applica-
tion of extrusion resulted in increased strength and ductility
due to structure refinement [11]. Multidirectional forging
has proven to be an equally effective method for refining
the coarse-grained structure of cast alloys, and subsequent
quenching and aging lead to the formation of dispersed
O-phase precipitates, significantly enhancing strength char-
acteristics [6; 12; 13].

Hot forging or rolling significantly refine the struc-
ture, causing a simultaneous increase in ductility and
strength [5]. Subsequent heat treatment, consisting of
quenching and aging, is the most effective way to obtain
a balanced set of properties in these alloys. The choice of
quenching temperature determines the o,-phase volume
fraction and the degree of B-phase supersaturation after
quenching; varying the aging regimes allows control
over the dispersion of O-phase particles and, consequent-
ly, the mechanical properties [5; 7; 10].

Hot deformation and subsequent heat treatment pro-
mote a uniform ar-phase distribution and an increase in
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ductility [4]. Heat treatment of VTI-4 alloy welded joints
increases ductility; according to the authors, this was
associated with an increase in the uniformity of phase
distribution [14]. Despite the research conducted,
a number of unresolved tasks remain. The key among
them is the determination of processing regimes and pa-
rameters of the forming structure that can ensure both
high strength and tensile ductility of the alloy.

The aim of this work is to establish the relationship be-
tween heat treatment modes, microstructural characteristics
(O-phase sizes, a,-phase volume fraction) and mechanical
characteristics at room temperature, as well as to determine
the heat treatment mode that provides the best balance of
strength and ductility for the VTI-4 alloy.

METHODS

Material of investigation

The material under investigation was VTI-4 alloy
produced by remelting according to the “vacuum arc
remelting — skull melting — vacuum arc remelting”
scheme. Alloy workpieces were cut and subjected to
pack rolling at a temperature of 1060+10 °C, which cor-
responded to the a,+B-phase region. The hot-rolled plate
was used in this work as the initial state.

Isothermal multidirectional forging

Workpieces with dimensions of 40x30x60 mm® were
cut from the plate using a VL400Q / VL600Q electrical
discharge machine (Sodick, China). The workpieces were
heated to T=950 °C in an N 321 mod. 400v3/N/PE chamber
furnace (Nabertherm, Germany) and held for 30 minutes.
At a temperature of 950 °C, which corresponded to the up-
per part of the a,+p+O-phase region, the workpieces were
deformed with an accumulated strain of 750 % using
a DEVR 1000 hydraulic press (Gidropress, Russia)
equipped with a Miterm-T3 muffle furnace (Microinstru-
ment, Russia). Deformation was carried out at a strain rate
of 5 mm/min with a strain of 50 % per pass in each direc-
tion (Fig. 1). After each pass, the workpiece was rotated
by 90°. The accumulated total strain was =300 %.
The obtained workpiece was cooled in still air.

Ep= 50%

v 30mm y R
ol | Y
I8i||t|gt multi axial forging (abc-forging)

Fig. 1. Schematic diagram of the isothermal multidirectional forging process
Puc. 1. Cxema npogedenus 6cecmoponHeli U30mepmMudeckoll KosKu
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Heat treatment

Plates with dimensions of 25%12x2.5 mm were cut from
the obtained workpieces and subjected to heat treatment in
an LT 5/12/P320 muffle furnace (Nabertherm, Germany).
The quenching temperature is determined by the fact that
heating to the B- or a,tf-phase regions leads to an increase
in B-grain sizes, which deteriorates the material’s character-
istics. At the same time, when heating in the upper and
middle parts of the a,+p+O-phase region, almost complete
dissolution of the O-phase occurs, which allows the f—O
transformation to occur during subsequent aging. The hold-
ing time at the quenching temperature was 2 hours. This is
related to the slow kinetics of O-phase dissolution during
heating in the op+p+O-phase region. The workpieces were
subjected to two-stage heat treatment according to the fol-
lowing regimes:

1) heating to T1=900 °C (0 +B+O-phase region), hold-
ing for 2 hours, water quenching, followed by aging for
6 hours at temperatures T,=760 °C (B+O-phase region),
T>=800 °C, and T,=840 °C (o,+p+O-phase region) with
furnace cooling;

2) heating to temperature T;=960 °C (upper part of
the a,+B+O-phase region), holding for 2 hours, then water
quenching. After this, aging is carried out at temperatures
T,=760 °C (B+O-phase region), T,=800 °C, and T,=840 °C
(ax+p+O-phase region). Cooling is carried out using
the furnace.

Mechanical testing

Flat specimens for mechanical testing with a gauge
section cross-section of 3x1.5mm were cut from
the plates. They were subjected to mechanical grinding
using abrasive paper with stepwise reduction in grit size,
and then polishing using polishing cloth and OP-S col-
loidal silica suspension (Struers, Switzerland). Mechani-
cal grinding and polishing were carried out on a Struers
LaboPol-5 grinding and polishing machine (Struers,
Switzerland). Tensile tests were performed on an Instron
5882 universal testing machine (USA) at a deformation
rate of 0.36 mm/min. The elongation of the specimens
was measured on an Olympus STM6 tool microscope
(Japan) based on the distance between marks applied to
the edges of the gauge section before testing. Percentage
elongation was calculated as the ratio of the gauge sec-
tion length after testing to the initial gauge section
length, multiplied by 100 %. Mechanical properties were
determined on an Instron 5882 testing machine (Instron,
USA) using 3 specimens per condition.

Structure investigation

To study the microstructure of the alloy, a Quanta 600
scanning electron microscope (SEM) (FEI, USA) with
a LaB6 cathode was used. Imaging was carried out in elec-
tron backscattered diffraction (EBSD) contrast mode at
an accelerating voltage of 30 kV. Samples for SEM investi-
gation were prepared by careful mechanical grinding and
polishing, similar to the method of sample preparation for
tensile testing. To study the microstructure of the hot-rolled
plate, the method of constructing orientation maps using
electron backscatter diffraction (EBSD) was applied.

The maps were constructed using a Nova Nano SEM 450
scanning electron microscope (FEI, USA) equipped with
a Hikari EBSD detector (EDAX, USA). Samples were pre-
pared by electropolishing after preliminary mechanical
grinding and polishing. Electropolishing was carried out in
a mixture of 5 % perchloric acid, 35 % butanol, and 60 %
methanol at a voltage of 27 V and —32 °C using a Lectro-
Pol-5 device (Struers, Denmark).

Data processing

Grain and particle sizes were determined by the inter-
section method in accordance with GOST R ISO 643-2011.
The volume fraction of phase particles in the alloy structure
was calculated by measuring the areas and determining
their ratios. The volume fraction of phase particles was
determined as the ratio of the sums of the areas occupied by
individual phase particles to the total area of the image.
Five different fields of view were used for analysis.
The areas of individual phases were determined using
Digimizer software version 4.3.0 (MedCalc Software).

RESULTS

The microstructure of the VTI-4 alloy in the initial hot-
rolled state consists of -grains elongated along the rolling
direction with average dimensions of 400x90 pm, respec-
tively (Fig. 2 a, b). Along the B-grain boundaries, chains of
individual ap-phase particles are located, with a volume
fraction of 6+1 % and a size of 3.2+0.4 um (Fig. 2 b).

The application of isothermal multidirectional forging in
the upper part of the ar+B+O-phase region at T=950 °C
made it possible to significantly refine the structure.
The size of B-grains decreased to 7 um, and the fraction of
ar-phase particles increased to 15.1 % with an average size
of 1.9 um (Fig. 3; Table 1). Furthermore, O-phase precipi-
tates (=2 um) are visible along the boundaries and within
the body of B-grains, as well as at triple junctions
of B-grains/ax-phase particles (Fig. 3).

In the microstructure of the VTI-4 alloy quenched from
T=900 °C after aging at T=760, 800, and 840 °C, acicular
O-phase particles precipitate within the B-phase grains, and
O-phase interlayers form along the [-grain boundaries
(Fig. 4). The lower the aging temperature, the smaller
the thickness of the O-phase particles and interlayers
(Table 1, Fig. 4). The volume fraction of ar-phase particles
did not depend on the aging temperature and amounted
to 5.4+0.2 %, with their size being 2.2+0.3 um.

The microstructure of the VTI-4 alloy after forging,
quenching at T=960 °C, and subsequent aging is character-
ized by the absence of O-phase interlayers along
the B-phase grain boundaries after aging at 760 and 800 °C
(Table 1, Fig. 5). Clearly, the lower the aging temperature,
the smaller the thickness of the O-phase particles (Table 1).
The volume fraction of ax-phase particles is 3.1+0.5 %, and
their size is 3.3+0.5 um across the entire investigated range
of aging temperatures.

After isothermal multidirectional forging, the alloy
demonstrates a rather low level of percentage elongation of
2.140.1 % and a high ultimate tensile strength of
1273+10 MPa (Table 2). After quenching at T=900 °C,
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Fig. 2. Microstructure of the VTI-4 alloy in the initial hot-rolled state,
rolling direction oriented horizontally: a — EBSD; b — SEM. Arrows indicate ax-phase particles
Puc. 2. Muxpocmpyxmypa cnnasa BTH-4 6 ucxo0nom opsiuekamanHom CoCmOosiHuu,
Hanpaeienue nPoKamK OPUEHMUPOBAHO 2OPUSOHMATLHO:
a—JJOPD; b — COM. Cmpenkamu 0603Ha4envl yacmuysl a2-ghazol

Puc. 3. Microstructure of the VTI-4 alloy after isothermal multidirectional forging.
Arrows indicate grains/particles of the f, O, and a2 phases
Puc. 3. Muxpocmpyxmypa cniasa BTH-4 nocie 6cecmoponneii uzomepmuieckoti KO8Ku.
Cmpenxamu 0603nayenvl 3epra/vacmuyst f-,0- u ar-pas

the achieved strength level is maintained, and the percent-
age elongation increases by almost an order of magnitude to
18.9+£0.3 %. An increase in the aging temperature slightly
reduces the ultimate tensile strength and leads to some de-
crease in percentage elongation to 14.94+0.6 % (Table 2).
Increasing the quenching temperature to T=960 °C and
aging at T=760 °C leads to some increase in strength and
ductility compared to the forged state (Table 1). With
an increase in the aging temperature to 800 °C, an almost
twofold increase in percentage eclongation to 6.2 % is
observed, while the ultimate tensile strength is maintained
at 1300 MPa (Table 2). A further increase in the aging tem-
perature to 840 °C significantly reduces the ultimate tensile
strength to 1190 MPa and leads to an increase in percentage
elongation to 12.6 %.

DISCUSSION

The results confirm that isothermal multidirectional
forging in the a+p+O region effectively refines
the structure due to the development of dynamic recrys-
tallization, forming a globular structure that is stable
during heat treatment (Fig. 3). The choice of quenching
temperature determines the degree of supersaturation of
the B-phase with alloying elements at the temperature of
the cooling medium and, consequently, the O-phase
formation during aging. When heating for quenching
to T=900 °C, O-phase precipitates present in the initial
state after forging are retained at triple junctions, and
interlayers form along the B-grain boundaries, which
obviously adversely affect the ductility characteristics of
the alloy (Figs.4,5). During subsequent aging over
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Table 1. Microstructural parameters of VTI-4 alloy after heat treatment
Taonuya 1. Muxpocmpyxmypnuie napamempul cnaasa BTHU-4 mepmuyeckoii o6pabomku

h az2-phase particles O-phase particles O-oh
Heat treatment ﬂ-l.) a.s € ] interl P t;‘:ek
mode gralnnflze, Size, Volume fractlon’ Length, Thickness, nter ayerm 1ICKness,
H pm % pm pm H
Forging 72 1.9+£0.3 15.1+4.2 2.0+0.2 | 0.31+0.23 0.0+£0.0
T1=900 °C; T.=760 °C 2.1+0.1 | 0.31+0.21 1.2+0.2
T1=900 °C; T.=800 °C 2.2+0.3 5.4+0.2 2.2+0.1 | 0.35+0.27 1.8£0.3
T1=900 °C; T»=840 °C 2.3+£0.1 | 0.40+0.32 2.44+0.6
T2
T1=960 °C; T.=760 °C 2.1£0.1 | 0.12+0.04 0.0+£0.0
T1=960 °C; T.=800 °C 3.3+£0.5 3.1+£0.5 2.2+0.1 | 0.19+0.05 0.0+£0.0
T1=960 °C; T.=840 °C 2.3+£0.1 | 0.28+0.02 1.1£0.2

Note. Ti— quenching temperature, T>— aging temperature.

Holding time at quenching temperature is 2 hours, at aging temperature — 6 hours.
Ipumeuanue. Ti—memnepamypa saxanxu, T>—memnepamypa cmaperusi.

Buioepoicka npu memnepamype 3axanxku 2 uaca, a npu memnepamype cmapenusi 6 4acos.

Fig. 4. Microstructure of the VTI-4 alloy after quenching at T=900 °C and subsequent aging
a—atT=760 °C; b—T=800 °C; ¢ — T=840 °C. Arrows indicate particles of O and o2 phases
Puc. 4. Muxpocmpyxmypa cnnasa BTHU-4 nocne 3axanxu ¢ T=900 °C u nocnedyowezo cmapenust
a—npu T=760 °C; b—T=800 °C; ¢ — T=840 °C. Cmpenrxamu obo3nauenvt yacmuyst O- u o2-gpas
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Fig. 5. Microstructure of the VTI-4 alloy after quenching at T=960 °C and subsequent aging
a—at T=760 °C; b — T=800°C; ¢ — T=840°C. Arrows indicate particles of O and oz phases
Puc. 5. Muxpocmpyxmypa cnnasa BTH-4 nocne 3axanxu ¢ T=960 °C u nocredyowezo cmapenus npu
a—npu T=760 °C; b— T=800°C; ¢ — T=840 °C. Cmpenxamu obo3nauenvt wacmuyvi O- u a2-pas

Table 2. Mechanical properties of the VTI-4 alloy after forging and heat treatment
Taénuya 2. Mexanuuecxue ceoticmea cniasa BTH-4 nocne kosxu u mepmuuecxoil obpabomxu

T1=900 °C T1=960 °C
Tensile Forging
T2=760 °C T2=800 °C T»=840 °C T2=760 °C T2=800 °C T2=840 °C
o8, MPa 1273+10 127612 1186+8 1146+14 1314+9 1300+11 1190+15
3, % 2.1£0.1 18.9+0.3 17.1£0.4 14.9+0.6 3.440.3 6.2+0.2 12.6+0.6

Note. T1 — memnepamypa 3axanxu, T> — memnepamypa cmapenus..
Ipumeuanue. T1— quenching temperature, T>— aging temperature.

the entire investigated temperature range (T=760-
840 °C), the thickness of the interlayers and O-phase
particles within the B-grains increases with increasing
aging temperature, reducing strength and ductility
(Table 2), which was also noted with increasing aging
temperature [4; 5; 9]. Heating for quenching to T=960 °C
leads to almost complete O-phase dissolution, freeing
the grain boundaries from interlayers (Fig. 5). At the same

time, the grain size is preserved, which can contribute to
obtaining more balanced properties of both strength and
ductility (Table 2). During aging in the p+O-phase
region (T=760 °C), dispersed O-phase particles are
formed, which increase strength [2; 9]. With an increase
in aging temperature and transition to the ax+p+O-phase
region (T=800 °C), the percentage elongation increases
twofold, and strength decreases, which is associated with
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Table 3. Mechanical properties of Ti2AINb-based alloys
Taonuya 3. Mexanuueckue ceoticmea cniasoé Ha ocrose Ti2AINb

Alloy, at. % o, MPa 0, %
Ti-23.0A1-23.0Nb-1.3V-0.8Zr-0.5M0-0.3Si (VTI-4) [*] 1300+11 6.2+0.2
Ti-22.0A1-24.0Nb-1.5Zr-1.5M0-0.8Ta-0.6W-0.4Si (VIT1) [5] 1260430 5.8+0.3
Ti-22A1-25Nb [15] 92748 6.9+0.9
Ti-22A1-25Nb (rolled) [15] 1169+10 25.7+0.6
Ti-22A1-23Nb-1Mo-1Zr [11] 1225+20 6.3+0.2
Ti-20.3A1-24.7Nb [16] 1541440 1.75+0.4
Ti-22A1-25Nb [10] 1145+50 10.0£0.2

Note. *Results of the present study.
IIpumeuanue. *Pesyiomamul 0aHHO20 UCCIEO08AHUSL.

an increase in the thickness of the O-phase particles.
After aging at T=840 °C, the formation of O-phase inter-
layers along the [-grain boundaries was detected
(Figs. 4, 5), which caused a drop in strength and is con-
sistent with data from other authors [9]. Thus, quenching
at T=960 °C and aging at T=800 °C make it possible to
avoid the formation of undesirable O-phase interlayers
and also to precipitate dispersed O-phase particles within
the B-grains, which together provide balanced mechani-
cal characteristics.

The results of the work show that isothermal multidirec-
tional forging (T=950 °C) of the hot-rolled VTI-4 alloy,
water quenching from the upper part of the a,+f3+O-phase
region (T=960 °C), and subsequent aging in the same phase
region at T=800 °C make it possible to obtain a structure
providing a balanced level of strength (c;=1300+11 MPa)
and ductility (6=6.2+0.2%) (Table 2).

A comparison of the combination of strength and
ductility characteristics obtained in this work with
known results obtained on other Ti»AINb-based alloys
(Table 3) shows that the use of isothermal multidirec-
tional forging and subsequent two-stage treatment allows
achieving a higher combination of strength and ductility.
In particular, a rolled Ti-20.3Al1-24.7Nb alloy demon-
strates higher strength (1541+£40 MPa), but its ductility is
three times lower (1.75+0.4 %) [16]. The closest strength
properties (6y=1260+30 MPa) and ductility (6=5.8+0.3 %)
were shown by the VIT1 alloy subjected to thermome-
chanical treatment [5].

As shown by the authors of [15], additional structure re-
finement during thermomechanical treatment made it pos-
sible to increase the ultimate tensile strength by more than
250 MPa and the percentage elongation by 19 % (Table 3),
which caused the overall increase in properties. In work [5],
optimal properties were achieved with an O-phase particle
thickness of 0.12 pm and an op-phase fraction of 3 %.
In our case, for the regime providing 6;=1300+£11 MPa
and 0=6.2+0.2 %, the thickness was 0.19 um and
the an-phase fraction was 3 % (Table 1), which falls
within the same range and confirms the established pat-
tern. Studies of the VIT1 alloy showed similar properties

(cu=1260+30 MPa, 6=5.8+0.3 %) after aging at 850 °C
[5], which is close to the results of this work. At the same
time, according to the data of work [5], the thickness of O-
phase particles in the VIT1 alloy was 0.07 um smaller than
in our study. This difference may be explained by the inhib-
iting effect of molybdenum in the composition of VIT1 on
diffusion and particle growth, which is confirmed by data in
the scientific literature [17].

CONCLUSIONS

1. It has been established that increasing the quench-
ing temperature from 900 to 960 °C reduces the a,-phase
fraction from 5 to 3%, suppresses the formation
of O-phase interlayers along B-grain boundaries during
aging in the range of T=760-800 °C, and refines
the O-phase particles within p-grains from 0.35
to 0.19 um, leading to an increase in ultimate tensile
strength from 1186+8 to 1300+£11 MPa.

2. It has been established that refining -grains to 7 um by
isothermal multidirectional forging, followed by a two-stage
heat treatment designed to produce a structure with
an ap-phase fraction of 3 % and an O-phase particle thickness
of 0.19 um, provides a high combination of strength and duc-
tility in the VTI-4 alloy (c:=1300£11 MPa, =6.2+0.2 %).
The optimal heat treatment regimes for the wrought VTI-4
alloy are the following: holding for 2 h at T=960 °C, water
quenching, and aging for 6 h at T=800 °C.
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PaKTEpHUCTHK JUIst oOecTieueHust OajlaHca MPOYHOCTH M IacTHYHOCTH. Llesib. YCTaHOBICHHH CBSI3U MEXKIY PEKHUMaMH TepMUYe-
CKOM 00pabOTKH, MUKPOCTPYKTYPHBIMH XapaKTepucTUKamMu (pasmepbl O-(asbl, 00seMHas DO 0-(ha3bl) U MEXaHUIECKIMHI
XapaKTepUCTUKAMU TPH KOMHATHOM TEMIlepaType, a TaKoKe OINpEeNelieHHE DPEeXHMa TepMOOOPabOTKH, O0O0ECIIeYHBAIOIIETO
HATY4IINHA OalaHC TIPOYHOCTH | TUacTHIHOCTH 1t ciiaBa BTH-4. Metonbl. B pabote ObUT MpUMEHEH METOI BCECTOPOHHEH
M30TEPMHUYECKON KOBKHM JUIsi (JOPMHUPOBAHMS MEIIKO3EPHUCTOH TIOOYJSIPHOM CTPYKTYPBI C LIEJIBbIO TIOBBIIICHHUS! TUIACTUYECKUX
XapaKTepUCTHUK cIuiaBa. [locienyronyto IByXCTyTIeHIaTyl0 TepMOOOpadOTKy MpoBOMIA B 0 +P+0O-dazoBoit odmacti. Mexa-
HUYECKHE XapaKTEPHUCTHKHU OMPEAEICHBI IIPU UCIIBITAHUAX Ha pacTskeHue. Pedybrarsl. VcciieoBaHo BIUSIHEE TEMIIEPATy Pl
3aKaJK{ M CTAapeHHs Ha pa3Mep M 00BEMHYIO JIOJIIO YacTHl o, 1 O-da3. OG0cHOBaH BBHIOOpP PEXUMOB TEPMHIECKOH 00pabOTKH,
HanpaBJIeHHbI Ha (POPMUPOBAHUE CTPYKTYPHI, 00ECIIEUHBAIOIINY BHICOKUE MPOYHOCTHBIE M IUIACTHYECKHE CBOMCTBA CIUIaBa
BTU-4. YcranosineHo, uto mpu Harpee mof 3akanky 10 T=900 °C coxpansttorcst BoiieneHns: O-¢as3bl B TPOHHBIX CTBIKAX I10
TpaHUIlaM [3-3epeH; IpH MOCIEAYIONIeM CTapeHIH (HOPMHUPYIOTCS YaCTHIBI U MPOCTOUKH O-(a3bl, TOMIMHA KOTOPBIX YBEIIIH-
BAETCS C POCTOM TEMIIEPATYpPbI, YTO NPUBOIUT K CHU)KEHHIO TIPOYHOCTH U IUIACTHYHOCTH. YCTaHOBIIEHO TaKKe, YTO Harpes Mox
3aKaJIKy U3 BepxHel gacth oy +f+O-dazoBoii obmactu (T=960 °C) coxpansieT MOOYIIPHYI0 MUKPOCTPYKTYPY, IIPUBOMS K pac-
TBOpeHHto yacturl O-]a3bl U, COOTBETCTBEHHO, HACKIIIAS JITHPYIOIMMH teMeHTaMu [3-asy. [loBblenre TeMneparypsl 3a-
KaJIKM TakoKe CHIDKAeT OOBEMHYIO JOJI0 YacTHI] Op-(Pa3sl M MpeaoTBparaeT GpopmMupoBanue mpocioek O-}a3pl mo rpaHumam
B-3epen npu crapennn B uHTepBasie Temneparyp 760-800 °C. BoiBoasl. MccnenoBanue BIHMSHHS TEMIEparypbl CTapeHHs
B uHTepBatie 760—840 °C mo3BOMMIIO YCTAaHOBUTD, 9TO UM HIDKE TEMIIEpaTypa, TeM MeHbIle TommHa dacTar] O-ha3sl, Beie
MIPOYHOCTh M MEHbIIE IIaCTHYHOCT. OmnpernesieH ONTUMAIIBHBIN PeXXUM TepMUUECKOi 00paboTku: 3akanka T=960 °C, 1=2 u
u craperue T=800 °C, 1=6 4. [Tocne Takoii Tepmirdeckoii 00padboTku koBaHHEIH ciuiaB BTH-4 neMoHCTpHpyeT BBICOKYIO IPOU-
HOCTb | IJIACTUIHOCTH (09,=1180 MITa, 6g=1300 MIla, 6=6,2 %).

Knroueevte cnoea: opropombudeckmii amomuanz TutaHa TioNbAl; crma BTU-4; BcecTOpOHHSA HM30TepMHUYCCKAS
KOBKA; 3aKaJKa; CTapEeHHEe; MEXaHHUECKHE CBOICTBa
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