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The article presents experimental studies to determine the force and torque
during die rolling of blades’ billets of steel 14X17H2-III in the industrial mill
of ‘Motor Sich’ JSC with different lubricants and conditions of metal stick-
ing on the rolls. Experimental results confirm the effect of lubrication on the
energy-power parameters of the process. However, the reduction in rolling
force is not always accompanied by the reduction in metal sticking to the
rolls. A more effective lubricant with good shielding properties is the barium
chloride melt with relatively low roll pressures (of 520—-570 kN) and a clean,
defect-free metal surface. Analysis of the effect of the force and torque roll-
ing shows that, during the rolling process of one period with the increase and
decrease of reduction for different blade billet designs, the distribution of
contact normal pressures along the length of the strain zone at each point of
time changes that affects the force and torque. Experimental data show that
the distribution of contact pressures during die rolling is determined by re-
duction, contact friction, through forward motion, as well as factors related
to the non-uniformity of plastic strain along the length and height of the
strip. The effect of shear strain can be used during designing the technology
and shape of workpieces for compressor blades.
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Y crarTi HaBeleHO eKCIepUMEHTAJbHI JOCTIilKeHHs 3 BU3HAUEHHS CUJIU Ta
MOMEHTY IIil Yac HmepioJMUYHOrO BaJIbI[IOBAHHS 3arOTOBOK JIOIIATOK i3 KPHIIL
14X17H2-I11 sa npomucaoBomy ctaHi AT «Mortop Ciu» 3 pisHuMU 3MaieH-
HAMHU ¥ yMOBaMM HaJUIIaHHA METaJly Ha BaJKu. Pe3yjibTaTu eKCIepuMEHTY
TiATBePOUIN BIJIMB MACTHJA Ha €HEeprocuJjJoBi mapamerpu mporiecy. OmmHak
TMMOHMKEHHS CUJIY BAJBIIOBAHHS He 3aBXKIU CYIPOBOIKYBAJIOCA 3MEHIITEHHAM
HaJIMIIaHHA MeTaJly Ha BaJKu. Biabll epeKTUBHUM MAaCTHUJIOM, IO Ma€ XOPOIITi
eKpaHyBaJbHI BJACTUBOCTi, € PO3TOII XJopuctoro bapiio, 3a AKOro € mopiBHS-
HO HeBuCOKi Tucku Ha Bajaku (520-570 kH) i uucra, 6e3 gedeKTiB moBepXHA
MeTany. AHajisa BIJIMBY CUJIM Ta MOMEHTY BAJIbIIOBAHHS ITOKA3yeE, II0 B IIPO-
Imeci BaJBI[IOBAHHSA OJHOIO IEPioJy 3 HAPOCTAHHAM i 3MEHIIIEHHSIM OOTHUCKY
IJA PisHUX KOHCTPYKI[i 3aroTOBOK JIOIATOK Bif0yBaeThCcs 3MiHA PO3mOAiay
KOHTAaKTHUX HOPMaJbHUX THCKIiB IO JOBXKUHI ocepenkry medopMaillii B KOKeH
MOMEHT Yacy, II[0 BIJINBA€ HA CUJIy TA MOMEHT. 3 eKCIIEPUMEHTAJIbHIX JaHUX
MaeMo, III0 PO3MOJiJ KOHTAKTHMX THCKiB HiJf yac IepiogMUYHOro IIIOINEeHHS
BM3HAYAETHCSI OOTHMCHEHHAM, KOHTAKTHUM TEePTAM, Uepe3 BUIEPeIKeHHd, a
TaKO0K YNHHUKAaMU, TIOB’ I3aHUMHU 3 HePiBHOMIipHIiCTIO ITacTUYHOI medopmartii
3a MOBXKMHOIO Ta BMCOTOIO cMyru. EdeKT BILIMBY 3CyBHUX AedopmMartiii cirifg
BUKOPUCTOBYBATH IIiJl YaC IPOEKTYBAHHSA TeXHOJOTrII Ta hopMU 3aroTOBOK AJIA
KOMIIPECOPHUX JIOIIATOK.

Karouosi ciioBa: jionaTka, aBiAnifiHuil 1BUTryH, eHepProCcUJIOBi mapamMeTpu, Ba-
JILITIOBAHHSA, 3aTOTOBKA.
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1.INTRODUCTION

High precision and strict requirements to the surface quality and phys-
ical and mechanical properties of the material in the surface layer, ex-
tensive use of heat-resistant and light alloys, and the use of the latest
methods of workpieces and parts production are modern features of
aircraft engine construction.

The quality of products and the cost of their production are key fac-
tors determining the competitiveness of enterprises. The geometric
accuracy achieved largely determines the quality of products. In-
creased requirements for the performance characteristics of gas tur-
bine engine lead to increased requirements for the accuracy of its parts
by 20—40% . At the same time, economic feasibility limits the allowable
increase in the cost of manufacturing an engine. Cost reduction for se-
ries production is possible by increasing labour productivity, which
can be achieved by improving technological processes and the use of
modern high-performance equipment [1-5].

Modern aircraft engines are highly stressed thermal machines in
which complex aerodynamic processes take place. To implement these
processes, it is necessary to have parts with complex surfaces. Such
parts include compressor and turbine blades, impellers, monocoils, etc.
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In gas turbine engines, much attention is paid to the production of
compressor blades. This part is the most massive part of a gas turbine
engine, and its geometry determines the performance of the gas tur-
bine engine as a whole. The perfection of compressor blades aerody-
namic process is determined by the level of profiling during design and
the accuracy of their manufacturing achieved in production [6—9]. The
resulting geometry of compressor blades is determined by the follow-
ing factors: accuracy of transfer of theoretical surface model to the
forming equipment, its technological capabilities, accuracy and rigidi-
ty of used tooling, perfection of the technological process of manufac-
turing and measuring the part.

Requirements for the accuracy of compressor blade airfoils are con-
stantly increasing. The specified accuracy of gas turbine engine com-
pressor blades production is achieved by a step-by-step machining of
workpieces. Each subsequent machining step is characterized by a
gradual increase in accuracy, with a decrease in the allowed tolerance
and a decrease in the material removal rate. Machining errors in the
initial stages lead to an increase in the volume of unevenly removed
material in the final stages, which entails a decrease in the overall per-
formance of gas turbine engine blades manufacturing.

Increase in overall productivity can be achieved by integrated con-
trol of dimensional processing parameters of forming operations in the
manufacturing process of gas turbine engine compressor blades. Ad-
justment of dimensional parameters of forming operations will allow
compensating machining errors and redistributing the volume of re-
moved material from the final stages to the initial ones. The amount of
time-consuming manual finishing of gas turbine engine compressor
blades can be eliminated by using robotic complexes.

Alloy steels and titanium alloys are mainly used to manufacture
compressor blades [10, 11]. The use of aluminium alloys is limited,
mainly due to their low heat resistance.

The operating conditions of compressor blades determine the re-
quirements for the materials from which they are made. The blades
shall remain functional at temperatures up to 800°C, as well as have
increased corrosion resistance. A characteristic property of heat-
resistant corrosion-resistant steels and alloys is resistance to corro-
sion, which is mainly due to chromium in their composition. The prop-
erty of chromium to increase corrosion resistance is associated with its
ability to form a protective impermeable oxide layer on the metal sur-
face, insoluble in aggressive corrosive media.

Compressor blade airfoil is relatively thin with a significant differ-
ence in thickness from the end section to the root section, as well as
small curvature (large radius of the circle inscribed in the cross-
sectional profile).

Considering methods and technological processes of compressor
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blades production, it should be noted that similar blades, as a rule, at
different factories are produced by different methods with different
means, significantly differ in technical and economic indicators (in
labour input, technological cost, reduced costs) and production tech-
nology [12—15]. This is a significant disadvantage that shall be elimi-
nated based on process typification, in which blades similar in their
design and technological characteristics should be processed using a
single process that provides the best technical and economic perfor-
mance.

Even with small part manufacturing programs, nowadays to obtain
such workpieces following methods of metal forming are used: hot and
cold forging, pressing, drawing, longitudinal die rolling and others.
They ensure a certain arrangement of fibres and the necessary degrees
of strain during further processing, as well as the required physical
and mechanical properties.

When developing the technology for manufacturing new products
and improving the technology already in use, it is advisable to use only
progressive high-performance and efficient processes that ensure, to a
large extent, the further development of engine construction.

In this case, the choice of technological scheme and the development
of processes to produce critical parts should be linked to the serial na-
ture of the products, since depending on this may be recommended dif-
ferent methods of production. In any case, they shall be simple and
cost-effective in the manufacture of equipment and preparation for
production.

At present, there is still the matter of optimal technological scheme
to produce complex products, as evidenced by the variety of applied
schemes, including various methods of production (machining on met-
al-cutting machines, stamping, extrusion, rolling, and longitudinal
die rolling) [16—19].

Longitudinal die rolling is currently a fairly well mastered process
of pre-forming workpieces of gas turbine engine blades, first devel-
oped at ‘Motor Sich’ JSC (Zaporizhzhya) [20].

In this regard, the purpose of the work is to improve the accuracy of
aircraft engine blades by studying the energy-power parameters of
blades billet rolling.

2. EXPERIMENTAL

Experimental studies were conducted at the industrial mill 330 of ‘Mo-
tor Sich’ JSC (Fig. 1). Mill roll housing is rigid, closed type, cast. The
rolls are pivotally connected to the shafts of pinion stand, made in one
housing with a cylindrical four-stage gearbox with a gear ratio of
0.042.

Working tool for plastic strain was prefabricated rolls of
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Fig. 1. Industrial mill 330.

4X4M2B®DC steel with hardness after heat treatment HRC 50—-54. Hy-
draulic support is used to calibrate the rolls axes of mill 330. The total
pressure on the rolls was measured by rod-type load cells, which were
installed under the lower chokes of the mill stands. Sensors with re-
sistance of 200Q in full bridge circuit were used to measure the
torque. Current collection during spindle rotation was performed by
means of a sliding current collector, which was installed on the neck of
the universal spindle fastened with two clamps.

The need for experimental determination of the force and rolling
torque arose in determining the output thickness of the blade airfoil
during die rolling of blades billets of steel 14X17H2-IIT with different
lubricants and conditions of metal sticking on the rolls.

3. RESULTS AND DISCUSSION

Figure 2 shows typical oscillograms of force and torque.

Table 1 shows experimental data of process parameters of die rolling
of blades from steel 14X17H2-III with different lubricants. Based on
these data, the graphs of energy-power parameters distribution over
the length of one period are plotted.

The following symbols are used in this table: B—heating in a barium
bath, P—sample without lubrication, rolls lubrication—polymerized
cotton oil (PCM) and water, S—sample glass 4-P, enamel EV-55, glass
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Fig. 2. Typical oscillograms of rolling force and torque during rolling of
blades billets of IV stage of AI-20 engine blades from steel 14X17H2-IIT with
different lubricants: heating in BaCl; salt (a), mixture: glass 4-P, 600 and
enamel EV-55 (b), enamel EVT-24 (¢).

600, rolls—without lubrication, E-—sample protective-lubricating
coating (enamel EVT-24), rolls—without lubrication.

The experimental results (Table 1) show that the energy-power pa-
rameters of the rolling process respond to lubrication. However, the
reduction in rolling force was not always accompanied by a reduction
in metal sticking to the rolls. A more effective lubricant with good
shielding properties is the barium chloride melt with relatively low roll
pressures (of 520—-570 kN) and a clean, defect-free metal surface.

Figure 3 shows distributions of force and strain moment along the
strip length during die rolling of blade blanks for different lubricant
grades.

Figure 4 shows diagrams of forces and moments of strain distribu-
tion during die rolling of blades blanks of stage I of AI-25 compressor
made of BT-8 alloy, which show that the distribution of energy-power
parameters along the length of one strip period is uneven and varies
over a wide range. The minimum value is in the area of small strains
(blade shank), and the maximum is in the area of large strains (end of
blade airfoil), where the shift of rolling force and moment distribution
relative to each other in the direction of the minimum compressions of
the latter parameter is observed. There shall be a correspondence be-
tween the force and the torque, because

Mkp = Pa = PL,Y, (1)
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TABLE 1. Parameters of blade billets rolling from steel 14X17H2-IIT with
different lubricants.

P | v |23 ® 4@ | g [Maximum energy and power roll-
S 2 g Gég = a ;E SE |2 5 ing parameters
o | T |oCaE |28 |¥Ex|88 Total | Rolling
°c | &2 [SEdw|=s 3| 8B | &|ForcePi/Ps,
S s = IR =T| 95 3] force, | torque,
o 3 T E= > © /7 kN
Z APS |H (4B kN kN-m
Beginning 84.9 7.5 223-302 525 18.0
1 B Middle 82.4 5.9 2.2 251-322 573 18.0
End 84.3 6.6 248-298 546 18.0
Beginning 81.0 4.8 169-384 553 22.0
12 P Middle 81.6 5.3 1.9 175-434 609 24.0
End 83.6 5.5 134-335 469 19.0
Beginning 84.8 8.1 221-306 527 12.0
15 S Middle 84.3 9.7 2.1 239-342 581 12.0
End 83.6 7.5 232-320 552 12.0
Beginning 87.8 5.1 173—-242 415 16.0
16 E Middle 87.8 5.5 2.3 181-250 431 15.0
End 84.3 6.2 228-329 557 20.0

where a—the rolling moment arm, W¥—the rolling moment arm ratio.
To a certain extent, the torque shall repeat the distribution of the
rolling force over the length of one period. Although this correspond-
ence mainly takes place, it is clear from the experimental data that in
the place of the minimum values of forces, distribution moments in
this area increases sharply and such correspondence is not observed.
Let us first consider the measurable process parameters. Force charac-
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Fig. 3. Distribution of energy-power parameters during rolling of blades
blanks from steel 14X17H2-IIT with different lubricants over the length of
one period (the number of curves corresponds to the number in Table 1); solid
line—rolling force, dashed line—rolling moment.



474 V.V.CHIGIRINSKY, Y. S. KRESANOV, and I. E. VOLOKITINA

[
1.4 70
12— 60
1.0 50
z
Eosl Sy
Ay
06 30
P
= Tay
04 20
—1
0.2 10 ! b :
| Beginning Middle | |
0.6 i 85 7010 1 85 7 91l
| L] |

Rolling direction

Fig. 4. Force and strain moment distributions during rolling of blades blanks
of I stage of AI-25 compressor made of BT-8 alloy.

terizes the impact of the tool on the strained metal. The rolling torque
is an energy characteristic of the process (the dimensionality of work
and torque are the same). To a greater extent, torque responds to a
change in work than to a change in force. When rolling without local
anomalies, the force distribution diagram, as well as the moment dia-
gram, shall not have a dip in sections 2 and 3 (Fig. 4), but increase to-
wards the increase in the crimping along the airfoil length. If such
anomalies exist, it is necessary to determine the physics of this phe-
nomenon. Let us subject this inconsistency in the experimental data in
the sections of transition from the tail part to the thin-walled, airfoil
part of the profile to a more detailed analysis.

For the blade blank structures, when studying the metal flow in the
transition zones from the tail section to the thin-walled airfoil section
(sections 2, 3; see Fig. 4), intense shear strains are observed. Surface
strains in this zone are maximal. In the same sections, we experimen-
tally recorded a decrease in the rolling force; there was a dip in the
force diagram (Fig. 4). Consequently, in the zone of intense shear
strain, the rolling force decreases its value. Earlier, when considering
the effect of plastic strain, the effect of longitudinal and transverse
shear on the force and torque of rolling was noted. The peculiarity of
the local plastic strain presented above is the appearance of symmetric
intense shear along the section height, without overlapping zones.
This fits into the general scheme of plastic strain effects due to strain
shifts in the centre of profile formation.

Another feature of the strain and force state of the thin (airfoil) part
of the blade profile is the coincidence of two more remarkable points.
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In sections 8, 9, 10, the section of maximum rolling forces (Fig. 4) sur-
face strains are minimal or absent at all. If we accept the thesis that
under conditions of non-uniform reduction the metal moves from areas
of higher pressure to areas of lower pressure and higher reduction to
areas of lower pressure, it becomes obvious that the area of maximum
pressures is the interface zone of metal flow. This is confirmed by ex-
perimental data on the study of surface strain. In the metal flow inter-
face, the sign of longitudinal strain changes. Therefore, there is no
displacement and strain in this area. Such metal flow, as shown above,
forms the contours of lagging in the zone of decreasing reduction and
forward in the zone of increasing reduction, which was recorded by
theoretical and experimental studies of the die rolling process.

As a result, we managed to link into a single scheme the process of
forming a ‘thin-walled’ profile of variable thickness, where the
strained and stressed states of the strip during die rolling are connect-
ed in a certain way. In the transition from a section with a greater
thickness to a smaller one, in the lagging contour zone there appear
intensive shear strains along the height of the thin-walled part of the
profile, reducing the rolling force. At the same time, vertical reduc-
tion in this part of the transition increases sharply, similar to the roll-
ing torque growth diagram. The observed dip in rolling force diagram
is explained by the effect associated with an increase in plastic shear.
On the opposite side, in the zone of maximum forces, the interface line
of metal flow is outlined, in relation to that the contours of lag and
forward are formed.

Figure 5 shows distribution of rolling force and torque over the pe-
riod length for blades of IV stage of AI-20 compressor from steel
14X17H2-III. The displacement of force and moment distribution dia-
grams with respect to each other is even more evident. The maximum
torque shifts to the transition area from minimum reductions to max-
imum and minimum rolling force values. To some extent, the torque
repeats the distribution of relative vertical reduction along the length
of the profile. In the middle and at the end of the strip period thereis a
dip in the torque diagram in the area of high force values, where the
interface zone of the metal flow is probably located.

Longitudinal plastic strains in this zone are minimal and, obviously,
contact specific frictional forces, determined by longitudinal relative
slip, are insignificant. This leads to a decrease in the friction ratio and,
consequently, in the rolling torque, although the value of forces at the
end of the rolling increases. The length of lag zone also affects the roll-
ing torque: the larger it is, the higher the rolling torque is. In the re-
duction zone, which takes place when rolling a thin part of the profile,
the lag zone is determinative. Consequently, the rolling torque in this
part will be maximum, and the rolling force has not yet reached its
maximum value. In the zone of increasing reduction, the defining zone
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Fig. 5. Distribution of rolling force (P) and strain moment (M) along the
length of one period of blades blanks of IV stage of AI-20 made of steel
14X17H2-II1 beginning, middle, end—distribution of periods along the
length of the strip.

is the forward slip zone. Occurrence of forward zone, according to
Bayukov’s formula, leads to a decrease in torque, which is reflected in
the torque diagram in Fig. 5. The rolling torque decreased significant-
ly in magnitude, which led to a dip in the torque diagram.

Figure 6 shows the distribution of force and rolling torque along the
length of one period of blades of X stage of compressor blades of AI-20
product from steel 14X17H2-III.

Workpiece shape is sharply different from the shape of previous
products. There are two thickenings at its ends. In addition, the thick-
ness of workpiece in the area of sections 8—10 is much greater than the
thickness in the area of sections 1-3.

Thickening in section 1-3 is formed in conditions of increasing re-
duction. This forms in this zone a forward zone. The forces and torques
are at the level of the values of previous data presented in Fig. 5. The
force and strain patterns are somewhat repetitive, although there are
differences. Thin-walled part of the profile, as before, is rolled in con-
ditions of decreasing reduction of tail part of the blade (the second
thickening) and is formed in conditions of decreasing reduction. The
maximum value of force in the area of sections 3, 4 represents the in-
terface of metal flow in the longitudinal direction, defining the con-
tours of lag and forward. As at rolling of sections presented in Figs. 4
and 5, there is a dip in the rolling force diagram in the transition zone
from the tail part to the thin part of the airfoil (sections 6, 7, 8). This



EXPERIMENTAL STUDY OF ENERGY-POWER PARAMETERS OF BILLET ROLLING 477

1200
1100
251000

24900

2.8 =800 - e B N R
Ez.zﬁgoo I
2.1 Q:BOO- N \

520500
%1.9-400

= 18 300
1.71-200
16100
15

Beglnmng | Middle ‘ End |

35 79 13579 13 57 9

H‘ Za=-d e =g

Rolling direction

Fig. 6. Distribution of rolling force (P) and strain moment (M) along the
length of one period of blades blanks of X stage of AI-20 compressor from
steel 14X17H2-III.

phenomenon was explained by shear strains in this part of the profile,
due to the multidirectional flow of metal in the longitudinal direction.
This zone is characterized by a backward contour, i.e., the flow of metal
is opposite to the rolling direction. Therefore, in the contact layers,
due to shear, additional tensile stresses may occur, reducing the roll-
ing forces. The rolling moment in forward zone decreases its value, ex-
cept for the end part of the strip.

Forces and torque reach their maximum values at the end of the
strip, where the determining parameter is the temperature of the roll-
ing end.

Presented analysis shows that during the rolling process of one peri-
od with the increase and decrease of reduction for different blade billet
designs the distribution of contact normal pressures along the length
of the strain zone at each point of time changes, which affects the force
and torque. Experimental data show that the distribution of contact
pressures during die rolling is determined by reduction, contact fric-
tion, through forward motion, as well as factors related to the non-
uniformity of plastic strain along the length and height of the strip.
The effect of shear strain shall be used when designing the technology
and shape of workpieces for compressor blades.

4. CONCLUSION

In conclusion, it should be noted that the production of ‘thin-walled’
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rolled products is always accompanied by a deterioration of the ther-
mo-mechanical parameters of the process, which reduces the efficiency
and the possibility of their production. The use of effects associated
with non-uniformity of plastic strain makes it possible to compensate
for the loss of manufacturability of ‘thin-walled’ profiles, to ensure
reliable production with the fulfilment of specified profile dimensions,
especially in the thickness of the rolled section. When rolling thin-
walled die-rolled sections, it is a factor of influence on the shape
change by intensive shear strain, by rolling a thin part of the profile
under conditions of decreasing reduction.
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