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Abstract: Manufacturing costs, along with operational performance, are among the major factors
determining the selection of the propulsion system for unmanned aerial vehicles (UAVs), especially
for aerial targets and cruise missiles. In this paper, the design requirements and operating parameters
of small turbofan engines for single-use and reusable UAVs are analysed to introduce alternative
materials and technologies for manufacturing their compressor blades, such as sintered titanium,
a new generation of aluminium alloys and titanium aluminides. To assess the influence of severe
plastic deformation (SPD) on the hardening efficiency of the proposed materials, the alloys with
the coarse-grained and submicrocrystalline structure were studied. Changes in the physical and
mechanical properties of materials were taken into account. The thermodynamic analysis of the
compressor was performed in a finite element analysis system (ANSYS) to determine the impact
of gas pressure and temperature on the aerodynamic surfaces of compressor blades of all stages.
Based on thermal and structural analysis, the stress and temperature maps on compressor blades
check for and vanes were obtained, taking into account the physical and mechanical properties of advanced
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and vanes meet the design requirements of the turbofan at lower manufacturing costs.
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in published maps and institutional i3 the development of unmanned aerial systems for various purposes. They are based
affiliations. on unmanned aerial vehicles (UAVs) of both reusable and single use. Ukrainian [1] and

global manufacturers offer gas-turbine engines for UAVs of various types [2,3]. While
full-scale turboprops and turbofans, as a rule, are based on engines designed for manned

Copyright: ©2020 by the authors. Li- aircraft [4], small turbofans are custom-made [5,6]. They typically have a compact and
censee MDPL Basel, Switzerland, This ~ Siplified single-shaft structure, determined by the tactical and technical characteristics of
article is an open access article distributed the Platform [7] .

under the terms and conditions of the Small turbofan engines (Table 1) are designed for target drones (Streaker, Lakshya) and
Creative Commons Attribution (CCBY) ~ cruise missiles such as R-360 Neptune, Kite, Kh-55, Tomahawk and Harpoon. Their main
license (https:/ /creativecommons.org/  performance characteristics include a short life cycle (if used as weapons), small size and
licenses/by/4.0/). weight and, as a result, high thrust-to-weight ratio. Also, operation on an unmanned
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platform contributes to the fact that they are not subject to the aviation safety regulations.
Such engines are produced by JSC Motor Sich, SE Ivchenko Progress and a number of
foreign firms. Engines of this class have thrust in the range of 1.9—4 kN, a low bypass ratio
and a small dry mass not exceeding 60-85 kg. At the same time, to ensure high efficiency,
such turbofan engines rotate at several tens of thousands of revolutions per minute, which
imposes special requirements on the design of their components and selection of materials.
First of all, they should exhibit high specific strength under static loads and a relatively
low manufacturing cost. At the same time, their durability, due to the short life cycle and
lack of pilot, is not of prime importance.

Table 1. Small gas-turbine engines. Data from minijets.org, uasresearch.org, wikipedia.org and [2,3,8].

Producer Model Thrust Weight Thrust Length Diameter Platform

kN kg /Weight mm mm
Turbomeca Arbizon IIIB2  4.02 115 3.56 1361 421 Otomat missile
Microturbo TRI 60-30 5.70 61 9.53 841 343 Apache missile
Teledyne CAE J402-CA-702 4.20 63 6.85 762 317 MQM-107D Streaker
HAL PTAE-7 3.72 65 5.83 1270 330 Lakshya PTA drone
Mitsubishi TIM4 2.84 56 5.19 1092 355 Subaru drone
Williams Int. F107WR402 3.11 66 4.60 1262 305 BGM-109 Tomahawk
Motor Sich MS-400 3.92 85 4.70 850 320 R-360 Neptune missile
Ivchenko Progress AI-305 3.04 61 5.08 650 232 Ultra light aircraft
Soyuz R95-300 3.55 100 3.62 850 315 Kh-55 missile
Saturn 36MT 4.54 100 4.63 850 330 Kh-59 missile
Price Induction DGEN 380 2.55 85 3.06 1126 469 Personal Light Jet

In small turbofan engines both radial and axial compressors are used. Currently,
various types of titanium alloys are successfully used for manufacturing the blades and
vanes of axial compressors [9,10]. The most common are VT6 (Ti-6Al-4V), VI3-1 (Ti-
6.7A1-2.5Mo-1.8Cr-0.5Fe-0.255i) and VT8 (Ti-6.8Al-3.5Mo-0.32Si). For compressor stages
with increased air temperature along the gas path, heat-resistant titanium alloys of the
VT25 (Ti-6.8Al-2.0Mo-2.0Zr-2.0Sn-1.0W-0.3Si) type are used [11,12]. For the last stages
of the compressor, taking into account the temperature level, heat-resistant nickel-based
alloys such as Inconel 718 (EP718-ID) and similar are used. A common drawback of
these materials, along with the high cost and energy costs of production, is their poor
machinability. Having a combination of the properties necessary for the compressor blades
of a manned aircraft’s engine, they are redundant when used on UAVs. This leads to the
increased cost of engines and UAVs in general. To meet the requirements for UAV power
plants, it is necessary to introduce new materials and technologies, which reduce their
manufacturing cost.

There are several modern technologies which can be used for manufacturing gas
turbines for UAVs [13]. With regard to compressor blades, a number of candidate materials
is considered, for example, sintered powder alloys; rare earth aluminium alloys; alloys
based on titanium aluminides and others [14,15].

At present, only surfaces of compressor blades are hardened [16], primarily by laser
shock peening [17]. However, surface hardening does not modify the inner structure of
the alloy. Therefore, to significantly increase the strength and ductility of aircraft materials,
severe plastic deformation (SPD) technologies are used [18,19] but the size of produced
ingots is still limited. What is more, for each compressor stage, there are limitations both
in the operating temperature and mechanical properties which have to be met by the
introduced materials.

In this work, to reduce the manufacturing cost of a selected small turbofan engine,
alternative materials and technologies for producing compressor aerofoils are introduced
and evaluated. To ensure structural integrity, the static safety factor is assessed for the
blades and vanes of individual stages, taking into account their operating temperature. The
key objectives of this work include material selection, strength testing, airflow simulation
of the compressor to obtain pressure fields on aerofoil surfaces of all stages as well as gas
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temperature and finally the structural analysis of components which evaluates their stress
and static safety factor.

2. Materials and Methods
2.1. Twist Extrusion

Various SPD methods [20,21] are introduced to improve mechanical, physical, and
functional properties of metals and alloys by forming their submicrocrystalline struc-
ture [22,23]. Twist extrusion (TE) is a variant of the simple shear deformation process that
was introduced by Beygelzimer [24]. Under TE processing, a prismatic billet is extruded
through a twist die.

In this work, a number of standard and powder metal alloys (Table 2) sourced from
various contractors were processed with TE. The titanium billets were made from annealed
VT8 rods of increased quality, 32 mm in diameter (GOST 26492-85), produced by VSMPO-
AVISMA Corporation. Sintered titanium was synthesised in laboratory by pressing and
subsequent vacuum sintering of powder mixtures based on PT5 titanium powder (TU
U14-10-026-98) produced by the Zaporizhzhia Titanium-Magnesium Plant. The grain size
was 160-500 pum [25].

Table 2. Analysed alloys, their composition and related publications.

VT8 (Ti-6.8A1-3.5Mo0-0.32Si), OST 190013-81, GOST 26492-85, [25-31]

Composition % mass Impurities % max
Ti Al Mo Sn Si C Fe Zr (@) N H
base 58-70 2.8-3.8 >0.4 0.2-0.4 0.1 0.3 05 015 005 0.015
7-TiAl (Ti-46A1-5Nb-2W), [32-34]
Ti Al Nb W

Base 4447  42-55 1525
7055+Sc (Al-Zn-Mg-Cu-Sc), OST 190013-81, [35-40]

Al Zn Mg Cu Zr Sc Fe Mn Si Ti Cr Ni
base 6.8-84 1525 1629 01-05 01-025 013 001 0.03 001 0.01 0.01

The billet (Figure 1) was 70 mm long with the cross-section of 18 x 28 mm. It was
placed in a matrix with a helical channel of rectangular cross section with an angle of the
helix inclination to the TE axis. The extrusion pressure was FP = 1600 MPa for all the
studied alloys. To increase their plasticity, back pressure BP = 200 MPa was applied to the
front end of the billet. To transmit back pressure, a deformable medium was used, which
was either a mixture based on the low-melting glass or a copper billet [41].

There are different approaches to modelling and optimising the TE process [42,43],
usually based on FE methods. Calculations and experiments are aimed to obtain high plas-
tic strain and uniform ultrafine grains [21]. In this work the Beygelzimer’s approach [41,44]
is followed. The total relative shear deformation A per pass was calculated as follows [41]:

2
A= % tan Ymax, (1)
where 74y is the maximum inclination angle between the twist line and the extrusion axis.
As the deflection angle of the helical channel was 45° for all investigated materials, the
total shear deformation per pass was approximately 1.15. Five TE passes were carried out,
so the total relative shear deformation of the billet was 5.77.
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Figure 1. Deformation of a porous billet by twist extrusion: 1—before TE; 2—deformation zone;
3—after TE, FP—forward pressure, BP—back pressure.

The porosity of the specimens was measured by the hydrostatic weighing method
(GOST 18847-84) and by analysing the micrographs of metallographic specimens (GOST
9391-80) [45]. In the first case, the specimens were submerged into distilled water, whose
temperature was measured by a mercury thermometer. There was no porosity in specimens
made of VT8 titanium alloy. After TE, a slight (within a few percent) increase in porosity was
observed, which could be associated with an increase in the number of crystal lattice defects.

For the investigation of structure and the fractographic analysis of fracture surfaces,
a NEOPHOT light microscope and a JEOL scanning electron microscope was used [46].
The average grain size in the samples after five TE passes was in the range of 200-500 nm
for titanium alloys [45]. The grain size in the original material was 150-300 pm.

2.2. Sintered Titanium

One of the well-known methods of reducing the manufacturing cost of the axial
compressor is using sintered titanium alloys [47,48] but their residual porosity and low
ductility are the reasons for which up to now they are used in aircraft engines for a
narrow circle of lightly loaded, non-critical components. Therefore, powder materials
need consolidation and grain refinement, which can be effectively achieved by the SPD
process of high-pressure torsion (HPT) [49,50]. However, HPT can produce only very small
samples which cannot be used for manufacturing compressor blades. Therefore, our recent
paper [51] uses the physical similarity of the processes occurring in a thin layer of material
during HPT and TE to simulate twist extrusion with the available HPT data.

In this work, among others, alloys synthesised from a mixture of selected powder
components [25,52] were evaluated. Doped elements (pure Al, Mo and Si metals) were
mixed with the matrix titanium powder in a mixer drum at 60-80 rpm to ensure the
required chemical composition of the test alloy after sintering. The powders were subjected
to single-action compaction in rigid dies at room temperature. The compaction force was
730-760 MPa. The compacts were sintered in vacuum in the range of 1250-1270 °C with an
isothermal holding time of 2.5-3 h and cooled down in the furnace in vacuum.

Our previous paper [46] showed that the characteristics of sintered titanium alloys
subjected to SPD in some indicators exceed similar values for regular alloys in cast and
deformed states. The preliminary structural analysis of blades made of sintered titanium
with subsequent SPD confirmed that their safety margin meets the operating conditions [53].
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However, an important factor that limits the use of alloys in the compressor design is the
elevated temperature caused by air compression in the gas path. Also, given the high
rotational speed of the engine, close to 40-50 thousand revolutions per minute, stress
analysis results depend heavily on the calculated pressure field. As the information on the
operating temperature and pressure in the compressor stages of small turbofan engines is
very limited [54,55], air flow and thermal analysis is performed in this work.

2.3. Aluminium-Based Alloys

Aluminium alloys with lithium and scandium are well suited to be used in turbofan
engines, given their high specific strength which exceeds those of titanium alloys [35-37].
SPD effectively hardens the cast structure of aluminium, so it could be used instead
of homogenization annealing [40,56]. However, it is necessary to take into account the
operating temperature of components since the heat resistance of aluminium alloys is
significantly lower than that of titanium and nickel ones.

Intermetallic Fez Al-based alloys could potentially substitute more expensive super-
alloys and creep-resistant steels. They are characterized by a combination of interesting
functional characteristics such as excellent resistance to oxidation, sulfidation and carburiz-
ing, good resistance to seawater corrosion, wear, erosion, or cavitation, and high strength
to weight ratio [57,58].

In this work, a variant of the standard aerospace aluminium alloy 7055+Sc was used
(Al-Zn-Mg-Cu-Sc). It was obtained in laboratory by melting with the additive of scandium.
Its initial porosity was 3-4% and it reduced to less than 1.5% after TE.

Lightweight, heat-resistant and weldable alloys based on titanium aluminides [34]
make it possible to design more efficient compressors. These materials offer a number of
unique properties—low density, relatively high melting point, high modulus of elasticity,
resistance to oxidation and fire, high specific heat resistance, and so forth. They are well
suited for the last stages of compressor blades but their effectiveness is controversial.
On one hand, due to the combination of specific strength and heat resistance, they can
replace traditional nickel-based alloys [33,59]. On the other hand, the technology of
their manufacturing and processing is quite energy-intensive, which makes them cost-
ineffective in the case of small turbofan engines. While heat explosion is a significantly
cheaper technology to synthesise such materials [60], their mechanical properties are not
satisfactory for aircraft components, in particular for aero-engines.

In this case, a promising, cost-saving technology for the preparation of semi-finished in-
termetallic y-TiAl alloys for aircraft, in particular compressor blades, was self-propagating
high-temperature synthesis and subsequent TE of the initial ingots [32]. The initial porosity
of the y-TiAl alloy was 35-40% and it decreased to 4-5% after TE.

Taking into account that this technology not only reduces the cost of manufacturing
compressor blades, but also increases the level of their mechanical characteristics, assessing
the possibility of their use in the design of engines for UAVs is important.

2.4. Strength Testing

To determine the mechanical properties of alloys, 11 mm X 11 mm X 56 mm billets
were used to produce standard tensile samples in accordance with GOST 1497-84. Strength
testing was carried out on the INSTRON 8802 servohydraulic machine under programmed
loading at room and elevated temperature. Five reference samples, mass-produced from
VT8 alloy bars, were measured to validate the test procedure. The extensometer span was
25 mm. The specimen test portion strain was controlled with an accuracy of 1 um. The
accuracy of stress measurements in the specimen cross-section was +3 MPa. Extensometer
and spring dynamometer readings were ADC-processed and sampled with a rate of
At =0.01 s [25,61]. The actual tensile testing covered more than three specimens for each
case.

Table 3 presents the physical and mechanical properties of considered blade materials.
The last column shows that materials subjected to TE become less heat-resistant because
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intensive grain grow begins at a lower temperature. The ratio of Young’s modulus and
material ultimate strength to density characterises the specific stiffness and specific strength
of the material. From the point of view of strength, for the production of aircraft engine
components, the most promising materials are those with the maximum values of the
specified characteristics. This makes it possible to ensure not only a high level of their
strength reliability (safety factor), but also a decrease in the mass. It is known that reducing
the rotor mass is one of the best ways for improving the design of a gas turbine, since it
effectively reduces the level of dynamic loads and vibration [62].

Taking into account that the analysed technologies for obtaining ingots for compressor
components (powder metallurgy and severe plastic deformation) lead to a change in the
indicated characteristics of materials at the level of 10%, they were not considered as a
criterion for choosing a production technology. At the same time, when choosing a material,
preference was given to that material, the specific stiffness and strength of which is higher
while ensuring equal safety margins.

Table 3. Mechanical and physical properties of the alloys considered for compressor aerofoils.

E p UTS 002 v Elp UTS/p  Tuax °C
Material MPa kg/m® MPa MPa Nm/kg Nm/kg
VT8 (120+0.05)e5 4520+198 980+42 85038 030 265e6 0.22e6 50072
VT8_spd (1.08 £0.04) e5 4400 +201 1250+34 1150+44 038 245e6 0.28e6 460+20
VT8_spk (0.95+0.04)e5 4000+226  700+40 450+42 010 238e6 0.18e6 50072
VT8_spk_spd  (1.10+0.05)e5 4400+180 1040+35 960+36 032 25.0e6 02le6 460710
7-TIAL (950+043)e4 4200+189 72032  650+29 030 22.6e6 0.17e6 750%20
¥-TiAL_spd (850+0.38)e4 4100+166  920+30 830+36 034 207e6 0.22e6 680710

) e3

7055+Sc (6.90 £ 0.30 2700 + 121 75+3 60+3 0.33 26e6 0.03e6 120120
7055+Sc_spd  (6.20+0.30)e3 2680 + 114 203 +7 180+7 035 23e6 0.08e6 10010

UTS—ultimate tensile strength, SPD—alloy of a submicrocrystalline structure formed by TE SPK (sintered metal
powder)—alloy obtained by powder metallurgy methods.

2.5. Modelling the Compressor

The effectiveness of the use of candidate materials for manufacturing blades and
vanes was evaluated for an axial compressor with the geometry representative of small
turbofan engines. The stress-strain state of compressor components was estimated by a
coupled Finite Element (FE) Analysis which included a flow calculation and stress analysis.
The obtained pressure and temperature fields were applied directly to aerofoil surfaces to
determine the stresses and strains in components [63-65]. The analysis was performed for
a 6-stage axial compressor (Figure 2). The fan is not considered in this paper as its blades
are too large for SPD technology and also sintered alloys do not provide the necessary level
of strength.

The profile section of the first compressor stage is shown in Figure 3. The geometry of
the compressor blades corresponds to the standard aerodynamic profile of NACA 7404-
7405 AIRFOIL. The total number of blades in the compressor stages is given in Table 4.

Using the Unigraphics NX system, models of blades and vanes (one pair per each
stage) were built. To develop the aerofoil profile, the surface modelling method was
used, while for roots, the method based on Boolean operations with geometric primitives
(Figure 4). To create finite element models, an ICEM CFD grid generator was used. The
mesh models of the blades consisted of 15,000-18,000 hexagonal SOLID 186 elements.
ANSYS Workbench version 2019 R3 was used for the calculations. Blades were fixed at the
root plane.
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Figure 2. Axial compressor.
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Figure 3. Profile of the first stage blade.

(a) compressor aerofoils

Figure 4. Structural model.

Table 4. Number of compressor blades.

(b) 1%t stage blade root

Compressor Stage R1 R2

R3 R4 R5 R6

Number of blades 37 43

59 67 73 81

2.6. CFD Model

Temperature along the compressor gas path and pressure on the aerodynamic surfaces
of the blades was determined by flow calculation in Ansys CFX with the finite element
method. The CFD model of the compressor inter-blade channel was obtained by arranging
the domains of each compressor stage in the axial and radial directions. To build a mesh of
the compressor flow, the TurboGrid grid generator was used (Figure 5). Volumetric finite
elements intended for CFD calculations were used. To reduce the required computing
power, one blade was modelled for each compressor stage with the cyclic symmetry along
the boundaries of the domain (Figure 5c¢). The boundary conditions were set in the form of

total inlet pressure, mass flow at the compressor outlet, and rotational speed (Figure 5d).
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(d) boundary conditions

Figure 5. Airflow model of the compressor.

An interface between stationary and rotating regions (Stage Mizing-Plane) was defined
on the mating boundaries of regions belonging to different steps, which allows for the
interpolation between mating grids. A satisfactory criterion for the convergence of the
calculation was the value of the mean square residual at the level of 10~°. This convergence
was achieved at 1200-1400 iterations. We used the SST (Menter’s Shear Stress Transport)
k — w model of turbulence [66,67], as the most accurate and reliable for flows with a positive
pressure gradient when flowing around profiles. At the inlet and outlet of the compressor,
the mass flow rate and temperature corresponding to the engine emergency operation were
set. The the simulation results were validated according to the methodology described
in Reference [68].

2.7. Thermal Structural Analysis

To assess the stress-strain state of the components and temperature distribution, the
results of the flow calculation were used. The aerodynamic surfaces of the blades (pressure
and suction sides) were loaded with the pressure and temperature fields obtained as a
result of preliminary flow calculation.

Typically, both static and fatigue strength are evaluated for new components [69,70]
which requires reliable material data to check the safety factor. It includes the endurance
limit of laboratory samples at operating temperature, the amplitude of alternating stress
at the time of failure, as well as the effective coefficient of stress concentration and the
magnitude of their variation. Considering that when analysing the suitability of new
materials, these data were not available, the static safety factor (SF) was evaluated with the
following formula [71]:

sp= 202 )
U Mises
where 0y ,—conditional yield strength of the blade material, o/js.s—maximum value of
the von Mises stress in the compressor blades.

3. Results and Discussion

Figure 6 shows the calculated pressure fields on blade surfaces, and the flow tempera-
ture. The flow temperature was used as the initial data for thermal analysis as the boundary
condition of the third kind to calculate the surface temperature of the blades (Figure 7). The
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obtained operating temperature of the compressor blades makes it possible to evaluate the
suitability of the considered materials. Given that the blade has a relatively small profile
thickness, the temperature distribution over the cross-section was considered uniform.

\ \ “ j TeC
‘ ‘1 P mpa \ B 2
‘ y Bl o /‘ ‘ [
0.84 ;
‘ g 7 pressureside E o pressure side % o
0O 23t 360
3.05 [ 340
! \ — = o0
I8 h k [ 14 = sis
- ‘ Bl 600
6.00
suction side - suction side

(a) pressure field (b) temperature field

Figure 6. Pressure and temperature field on blade surfaces.

Te°C T°C
‘ Bl 380 Bl 4%
B 405 B 505
1 425 1 520
B 450 B 535
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1 500 C1 560
L1 525 L1 575
L1 ss0 L 500
S LY

Figure 7. Temperature field for blades and vanes of stage 6.

The calculated stress distribution in the aerofoils (Figure 8) made it possible to evalu-
ate candidate materials and processing technologies in view of their structural integrity.
Values of maximum equivalent stress and static safety factor of blades and vanes made
from advanced materials and technologies are given in Tables 5 and 6. Materials with safety
factor less than the threshold of 1.1 cannot be used in the particular stage [72]. This value
was selected by the manufacturer on the basis of industrial experience and reliability data.
Under certain conditions, such a low SF threshold is acceptable in aircraft components,
especially for unmanned and single-use platforms.

Analysing the obtained data, we can conclude that the candidate materials and pro-
cessing technologies can be used for manufacturing compressor components. Considering
that material selection by the temperature and strength criteria is complicated due to the
variety of limiting factors, nomograms were developed for this purpose (Figures 9 and 10).
It can be noted that VT8 alloy is limited to rotor stages 1-2 in terms of its strength reliability.
The use of SPD methods expands the scope of its application up to the 7th stage; however,
in terms of the temperature limit, VT8 usage is limited to blades of the first five stages.
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Figure 8. Von Misses stress in blades and vanes made from VT8_spk_spd in engine emergency mode.

Table 5. Equivalent stress and static safety factor of blades made from candidate materials.

Rotor Stage R1 R2 R3 R4 R5 R6
Omax SF  Omax SF  Omax SF Omax SF Omax SF Omax  SF

Alloy/Process MPa MPa MPa MPa MPa MPa

VT8 4802 177 4811 177 8058 1.05 8933 095 7176 119 8645 098
VT8_spd 4819 239 4516 225 8024 143 8594 134 7184 160 8894 129
VT8_spk 4772 094 5173 087 8012 056 9386 048 7199 063 8322 051
VT8_spk_spd  481.7 1.99 4742 202 8043 191 88.0 1.08 7174 133 8722 110
yTiAl 483.6 134 4736 137 8031 081 8923 073 7172 091 8735 0.74
yTiAl_spd 4836 182 4629 190 8013 110 8773 1.00 7175 123 8855 0.99
7055+Sc 4600 0.13 4511 013 789.8 008 8770 0.07 7170 0.08 9224 0.07

7055+Sc_spd 4600 039 4509 040 789.0 023 8687 021 7173 025 9283 0.19

Table 6. Equivalent stress and static safety factor of vanes made from candidate materials.

Stator Stage S1 S2 S3 S4 S5 S6
CTmax SF Tmax SF Oimax SF 0max SF  0max SF  Omax SF
Alloy/Process MPa MPa MPa MPa MPa MPa
VT8 8.8 96.2 455 18.7  54.0 158 1335 64 1406 61 1424 6.0
VT8_spd 8.9 129.7 436 264 538 214 1284 90 1408 82 1465 79
VT8_spk 8.8 513 489 92 537 84 1402 32 1411 32 1453 31
VT8_spk_spd 8.8 846 448 16.7 539 139 1324 57 1406 53 1436 52
7-TiAl 8.9 73.0 448 145 538 121 1333 49 1405 4.6 1438 45
7-TiAl_spd 8.9 989 437 20.1 537 164 1311 6.7 1406 63 1458 6.0
7055+Sc¢ 8.5 71 426 14 529 11 1310 05 1405 04 1519 04

7055+Sc_spd 8.5 213 426 42 529 34 1298 14 1406 13 1529 12

It can be inferred that the strength of the blades of all compressor stages made of
sintered titanium, is below the acceptable threshold (SF = 1.1). Therefore, they cannot be
used, despite the significantly lower manufacturing cost in comparison with an alloy in
a deformed state. However, the use of SPD methods, due to the elimination of porosity,
the formation of a submicrocrystalline structure in the entire cross-section and the homog-
enization of alloying elements, contributes to a significant increase in strength and, as a
consequence, the expansion of their application to all stages.

At the same time, the operating temperature of the submicrocrystalline alloy is lower
than one with the standard structure which does not allow for their use in 6th stage blades
(Figure 9). Considering that the compressor vanes experience a load only from the flow, the
field of application of the VT8 alloy is limited only by its operating temperature, regardless
of the technology of production and processing. Despite the great strength, the sintered
titanium processed with TE, in comparison with the regular sintered alloy, has the operating
temperature lower by 40 °C, which may limit its use. Taking into account the lower cost of
obtaining sintered titanium alloys, their use is the most rational in the blades of the first
five stages.
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Aluminium alloys with a coarse-grained and submicrocrystalline structure accord-
ing to the thermal criterion can be applied only to blades of the first and second stages.
However, a safety factor assessment indicates that their application is limited to stator
vanes. At the same time, modern aluminium alloys can be used to make vanes without
SPD processing, which reduces the manufacturing cost. Given the low weight and cost
of aluminium vanes compared to titanium ones, the replacement of the material is justi-
fied. Moreover, the well-known problems of aluminium alloys, such as low hardness and
resistance to sand erosion, are an uncritical factor for UAV engines.

Alloys based on titanium aluminides are the most heat resistant of the considered
ones, which predetermines their use for manufacturing blades of the last compressor stages.
From the point of view of the permissible operating temperature, this alloy can be applied
to blades of all stages regardless of their structural state (Table 3). At the same time, from
the point of view of strength reliability for blades, their use is allowed up to stage 2 without
additional strain hardening and up to 3rd stage with TE processing (Table 5).

For all stator stages, the safety factor of vanes made from titanium aluminides is
higher than the threshold (Table 6). Thus, this alloy can be used for manufacturing vanes
of stages 5 and 6, for which, due to temperature limitations, lighter titanium alloys may
not be applicable. Nevertheless, the replacement of more heat-resistant Inconel 718 alloys
with titanium aluminides would reduce the weight of gas turbine engines.

It should be noted that the considered temperature limitations of submicrocrystalline
alloys are associated with the onset of recrystallization processes. Considering that this
processes take a relatively long time, exceeding the mission time of single-use UAVs (cruise
missiles, disposable reconnaissance vehicles, aerial targets, etc.), this restriction can be
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removed for such turbofan engines. In this case, their maximum allowable temperature
will be similar to alloys in a coarse-crystalline state. The calculated values of the safety
factors for compressor components made from considered alloys and technologies let us
propose their field of application (Figure 11).

compressor stage
1 2 3 4 5 6

Ilnconel 718
v-TiAl
VT 875pk

7055+Sc VTg_spk_spd

Figure 11. Materials recommended for individual compressor stages.

4. Conclusions

The analysis of the thermal and stress-strain state of the compressor blades and vanes,
in combination with the tensile testing of the candidate alloys, made it possible to develop
recommendations for their use:

1. It was found that the vanes of the first fifth stator stages can be made of sintered VT8
titanium alloy without strain hardening. Respectively, the blades of the first fifth rotor
stages can be made of sintered VT8 titanium alloy, subjected to SPD processing.

2. 7055+Sc aluminium alloy, regardless of the use of TE, can be used to make vanes of
the first two stages.

3.  Titanium aluminides (-TiAl) processed with TE can be used for the blades of stages
1-3 and all stator stages. Considering the lower cost of sintered titanium compared to
v-TiAl alloy, it is reasonable to use it only for the 6th-stage vanes.

4. None of the candidate materials are suitable for making 6th-stage blades, so a super-
alloy such as Inconel 718 has to be used instead.

The thermal and structural analysis of this high-speed axial compressor shows that
its blades are extremely loaded up to the strength and temperature limits of the available
alloys. Taking into account that the change in the physical and mechanical properties of
materials can affect not only the stress-strain state of the blades but also their dynamic
characteristics, the natural frequencies of blades need to be evaluated in the next stage
of research. For the compressor under study, Campbell diagrams and the surge margin
will be calculated. Also, the damping properties of alloys in various conditions should
be analysed.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

v Poisson’s ratio
0 density
0022 conditional yield strength

OMises ~ vVOn Mises stress
BP back pressure

E Young’s modulus

FP forward pressure

P pressure

SF safety factor

T temperature

CFD computational fluid dynamics
FE finite element

HPT  high-pressure torsion
IGV inlet guide vanes

JsC join-stock company

rpm revolutions per minute

SE state enterprise

SPD severe plastic deformation

SPK sintered metal powder

SST Menter’s Shear Stress Transport model of turbulence
TE twist extrusion

UAV  unmanned aerial vehicle
UTS ultimate tensile strength
VT8 Titanium wrought alloy
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