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ABSTRACT

This paper presents the ultrafine-grained structure of the Ti-Al-V alloy foil. This structure was formed
through combined processing, including repeated forging with varying deformation axes of the
workpiece under gradual cooling from 800 to 650 °C and subsequent isothermal rolling at 550 °C. On
the basis of analysis of the temperature and strain-rate conditions for superplasticity of the Ti-Al-V
alloy in the ultrafine-grained state, a multilayer metal-matrix composite was obtained by vacuum
pressing at 650 °C. The composite consists of alternating layers of 0.2 mm thick titanium foil and
continuous high-strength boron fiber with a diameter of 140 um. The superplasticity regime during
pressing ensured uniform filling of the matrix material between the fibers and high-quality bonding
of the foil layers in the resulting composite. The mechanical and dynamic properties of the resulting
metal-matrix composite were studied at room temperature under three-point bending. Fractographic
analysis of post-test specimen fractures revealed that the achieved increase in strength and impact
toughness is due to the formation of a homogeneous ultrafine-grained state in the matrix material and
the high strength of the fibers, which redistribute stress and alter the crack trajectory.
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CBOHCTBA KOMITIO3UTA U3 YJIBTPAMEJKO3EPHUCTOU TUTAHOBOM
MATPHUIIBI 1 HETPEPBIBHOT'O BOPHOI'O BOJIOKHA

Unvnap Anvgppuoosuu Pamazarnos

Y dumMckuil yauBepcuTeT HaykKu B TexHonorui, Poccust, 450076 Y da, yn. 3aku Banman, 32
* ilnar.ramazanov(@yandex.ru

AHHOTALIUS

B nanHoii pabote npeacTaBieHa ylbTpaMelIKo3epHHUCTast CTPYKTypa ¢onbru u3 ciiasa Ti-Al-V. Ora
CTpyKTypa Obli1ia chopMUpOBaHa B pe3yJbTare KOMOMHUPOBAHHON 00pabOTKH, BKIIIOYAIOIIEH MHOTO-
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KpaTHYIO KOBKY C U3MEHSIOIUMHUCS OCSIMH Je(OpPMALINU 3aTOTOBKH MPH MOCTETIEHHOM OXJIaXKICHUN
ot 800 mo 650 °C m nmocnenyrouyo u3orepMudeckyro npokarky npu 550 °C. Ha ocHoBe aHanu-
3a TEMIEpPaTypHBIX U CKOPOCTHBIX YCJIOBHUI CBEpXIJIaCTUYHOCTH criaBa Ti-Al-V B ynbsTpamenxko-
3epPHHUCTOM COCTOSTHUM METOJIOM BaKyyMHOTO TipeccoBaHus mipu 650 °C ObUT MOTy4eH MHOTOCIION-
HBIA METAJUIOMAaTPUYHBIN KOMIIO3UT. KOMIIO3UT COCTOUT U3 YepeyIOIINXCS CIOEB TUTAHOBOW (OJIb-
ry ToamuHOU 0,2 MM W HENPEPHIBHOTO BBICOKOTIPOYHOTO OOPHOTO BOJIOKHA auameTpoM 140 MKwm.
Pexum cBEpXIUIACTUYHOCTH IPU MIPECCOBAHNUN 00ECIEUMII PAaBHOMEPHOE 3aII0JHEHHE MaTPUYHOIO
MaTepuana MeXAy BOJOKHAMH U BBICOKOKAYECTBEHHOE CLEIUICHHE CJIOeB (OJIbI'H B IMOTyUYEHHOM
KOMIIO3UTE. MexannuecKkue U JUHAMHUYCCKUC CBOIICTBa MOJIYYCHHOI'O0 MCTAJJIOMATPUYIHOTI'O KOMIIO-
3uTa OBUIM M3YyYEHBI IPU KOMHATHOM TeMIepaTtype Mnpu TpexToueyHoM u3rude. @pakrorpaduueckuii
aHaJu3 pa3pyleHH 00pa3loB MOCe UCTIBITAHNI MOKa3all, 4YTO JTOCTUTHYTOE YBEJIWYCHUE MTPOUHO-
CTH M yIapHOU BSI3KOCTU 00YCIIOBIEHO (hOPMUPOBAHUEM OJHOPOJHOTO YABTPAMEIKO3EPHUCTOIO CO-
CTOSIHMSI B MAaTPUYHOM Marepuaje U BbICOKOM MPOYHOCTHIO BOJIOKOH, KOTOpBIE MEpepaclpenesioT
HaNpPSDKEHUS M U3MEHSIIOT TPAEKTOPHUIO TPEILIUHBL.

KJIFOYEBBLIE CJIIOBA

MeranioMaTpuuHbIi  KOMIIO3UT; HENPEPHIBHOE BOJOKHO; YIBTPAMEIKO3EPHUCTAsT CTPYKTYpa;
TUTAHOBBIN CIUIAB; MPOYHOCTh HA TPEXTOUEUHBIM M3THO; yAapHas MPOYHOCTh HA WM3THO; TPEUINHA;

PaCCIOCHUC KOMIIO3HUTA.

Introduction

Specific strength is a key design criterion
in the aerospace and related industries [1-5].
Fiber composites exhibit the highest values for
this indicator [5—8]. In addition to high specific
strength, such materials are characterized by
increased resistance to cyclic loading, which is
due to the inhibitory effect of reinforcing fibers
on the initiation and propagation of microcracks
in the metal matrix. This effect ensures an
increase in the interval between repairs and the
overall service life of components. Therefore,
increasing the durability of metal matrix
composites (MMCs) is a pressing scientific and
technical challenge.

Carbon fiber-reinforced polymer composites
(CFCs), which are widely used today, have
a significant drawback: low thermal and
electrical conductivity, which leads to structural
failure during sudden temperature changes or
exposure to atmospheric electrical discharge
on an aircraft [9]. Metal matrix composites
(MMCs), in particular those based on titanium
alloys reinforced with carbon or boron fibers,

do not suffer from this drawback. However, the
implementation of such MMCs is hampered by
technological difficulties, primarily the high
chemical reactivity of titanium with respect to
fibers at elevated temperatures, which occur
during the composite production stage. This
causes fiber degradation and a reduction in
strength characteristics below the calculated
values [10, 11]. Thus, reducing the temperature
of the technological process is a critical
factor.

Recent studies have demonstrated the
fundamental possibility of producing MMCs
using solid-phase isotermic  compaction,
including a nanostructured titanium alloy matrix
(with a grain size of 100-200 nm) and continuous
boron fiber with a diameter of 140 pum, under
conditions of low-temperature superplasticity
of the matrix material [12]. The advantage of
this method is the reduction in temperature,
pressure, and processing time, which minimizes
the risk of chemical degradation and mechanical
damage to the fibers due to excessive and non-
uniformly distributed stresses [12, 13].
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The mechanical and dynamic properties of
the matrix alloy also significantly influence the
integral characteristics of the composite. Grain
refinement to the submicron level leads to a
significant change in the combination of strength
and plasticity properties. For titanium alloys of
the Ti—Al-V system (e.g., VT6) in the ultrafine-
grained state, an increase in the yield strength
from 800 to 1000 MPa and tensile strength from
900 to 1150 MPa has been recorded. At the same
time, the relative elongation decreases slightly
(from 12 to 8%), but the impact toughness
increases by 1.3—1.5 times due to the activation
of additional deformation mechanisms [14, 15].
Furthermore, the nanostructured state provides
increased sensitivity to strain rate: under
dynamic loading (strain rates >10° s7'), strength
properties increase by 15-20% compared
to static conditions, due to changes in the
dislocation slip mechanism and the suppression
of diffusion processes. A reduction in grain size
reduces stress concentration at the boundaries
and promotes a more uniform strain distribution,
which positively impacts resistance to brittle
fracture under impact loads.

Based on the above, the aim of this work
is to comprehensively evaluate the mechanical
and dynamic characteristics of a metal-matrix
composite obtained in the low-temperature
superplasticity mode based on an ultrafine-
grained titanium alloy (Ti—Al-V system) with
boron fiber.

1. Material and methods

To obtain an ultrafine-grained microstructure
with a grain size of 400-500 nm in the VT6
alloy, multiple forging was used with changes
in the deformation axes of the blanks under
conditions of gradual cooling from 800
to 650 °C [16]. To obtain a foil semi-finished
product for the composite material and to
maintain an ultrafine-grained homogeneous
structure with predominantly high-angle grain
boundaries, the obtained samples were rolled
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to a thickness of 0.2 mm under isothermal
conditions at a temperature of 550 °C with a
deformation rate of 0.2 m/min. The total degree
of reduction during isothermal rolling exceeded
95%. This rolling method activates the grain
boundary sliding mechanism and, as a result
of the relative displacement and rotation of the
grains, an ultrafine-grained structure is formed,
which is most suitable for further deformation
under superplasticity conditions at temperatures
below 0.65 T .

To study the material’s microstructural
features in detail, a complex of transmission
electron microscopy studies was conducted using
a JEOL JEM-2100 instrument. Visualization
was performed in both darkfield and brightfield
modes at an accelerating voltage of 200 kV. The
objects of study were thin foil samples prepared
by jet polishing at a temperature of —25 °C and
a voltage of 25 V.

A prototype composite
reinforced with continuous boron fiber
with a diameter of 140 um and a strength
of 6, = 3100 MPa was fabricated using a
multilayer compaction method using a foil-
fiber-foil arrangement, where the fibers were
laid in the form of a woven grid, sparsely
intertwined with thin wire. The sheet surfaces
were pre-ground to remove the oxidized layer
after isothermal rolling. The process was carried
out at a temperature of 650 °C, maintaining a
strain rate of 107 s™!. After final compaction of
the package, the temperature was increased to
700 °C and maintained under pressure in order
to improve diffusion bonds on the surfaces being
joined.

The temperature and strain rate conditions
for pressing the composite correspond to the
low-temperature superplasticity regime of the
VT6 alloy in a nanostructured state, determined
from the results of mechanical tensile tests
with temperature 600 and 650 °C with short-
term switching of deformation strain rates,
increasing the rate and returning it to the initial

metal-matrix



position after stabilization of the flow to analyze
the change in the sensitivity of the flow stress
to a change in the strain rate (m) from 1072
to 107",

To assess the ultimate strength, three-
point bending tests were performed on strip
specimens with longitudinal reinforcement
7 mm wide and 1 mm thick at room temperature
using INSTRON testing equipment.

Dynamic impact bending tests were
conducted at room temperature on a TSMK-
50 pendulum impact tester on strip specimens
without a concentrator with a cross section of
8x1.2 mm?. The maximum stored energy of the
impact hammer is 50 J.

To comprehensively study the nature of
material failure, the fracture morphology
of fractured test specimens was examined
using a JEOL JSM-6490LV scanning electron
microscope.

2. Results

The realization of superplasticity depends
on the ratio of the deformable body size D
to the grain size d: at D/d < 10, superplasticity
disappears, despite maintaining the required
fine-grained structure and other conditions.
To achieve a fiber volume fraction of
approximately 40% in the composite, the
minimum interfiber distance (> 140-150 pm)
is 10-20 pum, with a grain size of 5-10 pum in
the matrix material, making the realization of
the superplasticity effect impossible during
composite compaction.

To develop the production of MMC
composites, it is necessary to reduce the grain
size to less than 500 nm in order to satisfy the
condition of the scale factor d < 0.1¢ for the
implementation of the SP effect in the foil of the
matrix material [17].

To produce a semi-finished foil product,
the VT6 titanium alloy of the Ti-Al-V system
was subjected to combined processing.
During the combined processing, which
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consisted of repeated forging with changes
in the deformation axes of the blanks under
conditions of gradual cooling from 800 to
650 °C and subsequent isothermal rolling at a
temperature of 550 °C, the initial coarse-grained
structure of the VT6 alloy was transformed
into a homogeneous ultrafine-grained structure
with a grain size of approximately 160 nm
(Fig. 1, a, b).

Mechanical testing of the VT6 alloy with
an ultrafine-grained structure established the
temperature and strain rate conditions for the
realization of high strain rate superplasticity
in a titanium alloy foil semi-finished product
(Fig. 1, ¢, d). Based on the analysis of the flow
stress values, the composite will be manufactured
at a temperature of 650 °C.

The resulting VT6 alloy foil (hereinafter
referred to as the matrix or matrix material)
was used to fabricate a multilayer metal-
matrix composite by vacuum pressing using
a foil-fiber-foil arrangement. The boron fiber
reinforcement is shown in Fig. 1, e. High-
strain rate superplasticity at 650 °C ensured
uniform filling of the matrix material between
the fibers and the bonding of the foil layers
(Fig. 2, a). The fiber volume fraction was
25%.

To comprehensively study the mechanical
and dynamic properties of the resulting
composite, all tests were conducted in three-point
bending at room temperature. For comparison,
tests were also conducted on a matrix material
with an ultrafine-grained structure.

Impact bending tests were carried out on
a pendulum impact machine with an impact
velocity of 3.8 m/s, the work of destruction
was 18.8 J. The impact toughness value
of the matrix material was 380 kJ/m?, the
impact toughness value of the composite was
510 kJ/m? Similar impact toughness values
of 120 kJ/m* were obtained in the Ti-ALTi
composite with a volume fraction of intermetallic
particles of up to 80% [18].
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Fig. 1. Microstructure of VT6 alloy in foil semi-finished product after combined processing:
a — bright field with electron diffraction pattern; b — dark field, ¢ — tensile curve recorded at 600 and 650 °C;
d — change strain-rate sensitivity parameter during a tensile test; e — boron fiber with a diameter of 140 um

Puc. 1. Muxpocrpykrypa cruiaa BT6 B nonydabdpukare u3 ¢osbru nociie KOMOMHUPOBaHHON 00paOOTKH:
a — ceemiuoe noie ¢ OUPPAKYUOHHOU KapmuHol 31ekmponos; b — memnoe noie; ¢ — Kpusas pacmsaiceHus

npu 600 u 650 °C (c); d — usmenenue napamempa 4yscmeumenIbHOCMU K CKOPOCmu oegopmayuu 8 xo0e UCHbIMAaHUs

Ha pacmsdicenue; e — bopHoe 80n0KkH0 duamempom 140 mxm

Static tests of three-point bending tests
of composite samples in the form of strips
with longitudinal fiber reinforcement at
room temperature showed a strength level of
2430+5 MPa, while the matrix material showed
a strength level of 1920+£5 MPa (Fig. 2, b).
The bending angle before crack formation was
6°. For comparison, in [19], mechanical tests
of three-point bending tests of metal-matrix
carbon-aluminum composite samples showed a
maximum tensile strength of 520+50 MPa.

The matrix material in the ultrafine-grained
state demonstrates high strength values after
static and dynamic testing compared to the
industrial equivalent of a sheet semi-finished
product made of VT6 alloy. The high-strength
state of the VT6 alloy is achieved by grain
refinement to 160 nm, an increase in dislocation
density to p=25x 10" m2[12], and an increase
in the number of high-angle grain boundaries.

18
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Fracture analysis of matrix material and
composite samples after static three-point
bending and impact bending is presented
in Fig. 3 and 4. The fracture of the matrix
samples is ductile, dimple-type, and velvety
in appearance, characteristic of an ultrafine-
grained structure [15, 16]. The fracture initiation
surface is a quasi-cleavage containing micron-
sized dimples and microcrack junctions. Further
crack propagation is accompanied by plastic
deformation and acquires a developed relief.
In the composite, the matrix material fails
similarly, but traces of crack arrest are observed
on the fiber rows. Overall, the composite failure
surface has a developed relief. Fiber fractures
are at the same level as the matrix and do not
form deep “tears”, indicating the absence of fiber
degradation and sufficient bonding between the
fibers and the matrix.
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Fig. 2. Metal matrix composite in cross section (a); curves after three-point bending tests (b)

Puc. 2. MetamuioMaTpU9HBIA KOMIIO3UT B TTOTIEPEIHOM CEUECHUH (a);
KPHBBIE TI0CIIE UCIIBITAHUI HA TPEXTOYSUHBIN H3rUO (b)

Fig. 3. Fracture surface of samples after impact bending tests:
a, b — composite; ¢, d — matrix material with UFG structure; b, d — enlarged section

Puc. 3. [ToBepxHOCTH H3110Ma 00PA3LIOB MOCIIE UCIIBITAHUI Ha yAapHBIA U3rU0:
a, b — komnozum; ¢, d — mampuuHvIli MAMEPUAN ¢ YIbMPamenKo3epHUCHON CIMPYKMYPOlL;
b, d — ysenuuennviii ppacmenm
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Fig. 4. Fracture surface of samples after three-point bending:
a, b — composite; ¢, d — matrix material with UFG structure; b, d — enlarged section

Puc. 4. [loBepxHOCTB M3JI0Ma 00PaA3IOB MOCJIE TPEXTOUECUHOIO U3rnoda:
a, b — KOMII03HUT; ¢, d — MarpU4HBIA MaTepHall C yIbTPAMEIKO3EPHUCTOH CTPYKTYPOid; b, d — yBeIMYEeHHBIH (hparMeHT

Conclusions

The production of a multilayer metal-
matrix composite by vacuum pressing using
a foil-fiber-foil system under established
temperature — strain rate conditions for
superplasticity confirmed the feasibility of
producing a titanium composite material
reinforced with boron fibers with high-quality
bonds at the matrix-matrix and matrix-fiber
interfaces. The use of ultrafine-grained VT6
alloy allows the process to be carried out
at reduced pressing forces and compaction
temperatures [20].

This study investigated the impact toughness
and three-point bending strength of a metal-
matrix composite consisting of alternating layers
of ultrafine-grained titanium foil and continuous
boron fiber with a diameter of 140 um. The
achieved increase in composite strength is due

20 2026.T. 8, Ne 3(26)

to the formation of a homogeneous ultrafine-
grained state in the matrix material and the high
strength of the fibers, which redistribute stresses
and change the direction of crack propogation.
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