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ABSTRACT

The turbine shaft is a crucial core component of acroengines, made of difficult-to-deform high-temperature alloy
materials, characterized as a long hollow stepped shaft with deep internal holes. Achieving efficient, high-perfor-
mance, and precise manufacturing of turbine shafts is a cutting-edge issue urgently needing resolution in the field
of acroengine manufacturing. Currently, the forming process for turbine shafts mainly involves forging the exter-
nal shape, followed by machining the outer profile and drilling the internal holes, which presents problems such as
low efficiency and high material consumption. This paper analyzed the principles and characteristics of advanced
forming processes for shaft components, including cross-wedge rolling (CWR), three-roll skew rolling (TRSR), as
well as piercing and cross rolling integration (PCRWI). This paper expounded the principles and characteristics of
these process forming turbine shafts. The research results show that the short-process flexible forming method of
piercing-rolling integration can make the outer profile and inner hole of the turbine shaft synchronously formed.
This process can effectively realize the high-quality, high-quality and efficient production of the turbine shaft.
Therefore, this process is the development direction of accurate plastic forming of aeroengine turbine shaft. The
research results have significant theoretical value and practical engineering implications for enhancing the overall
manufacturing capability of aeroengines.

Keywords: turbine shaft; cross-wedge rolling; three-roll skew rolling; piercing and rolling integration; flexible forming.

INTRODUCTION

Aeroengines are usually used in harsh envi-
ronments such as high temperature and high pres-
sure [1, 2]. As shown in Figure 1, the turbine shaft
is a key component to ensure the normal opera-
tion of the engine. With the rapid development of
the aviation industry, the demand for high-qual-
ity turbine shafts is increasing rapidly. In order
to manufacture high-quality aeroengine turbine
shafts, scholars at home and abroad have studied
its forming and manufacturing technology from
multiple perspectives. Jang DY et al. [3] from Ko-
rea developed an elastic-plastic nonlinear finite
element model of radial forging of turbine shaft, Figure 1. A certain type of aero-engine turbine shaft
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elucidating the distribution of residual stresses
in forged products. Duan et al. [4] investigated
the effects of three process parameters, namely
initial temperature, final forging temperature and
forging speed, on the wear resistance performance
of GH901 high-temperature alloy turbine shafts.
They determined that the optimal combination for
maximizing wear resistance is an initial tempera-
ture of 1200 °C, a final temperature of 920 °C, and
a forging speed of 10 mm/s. Tan et al. [5] com-
pared the high and low structure and mechanical
properties of turbine shaft forgings forged by two
forming processes of ‘ pier head-pulling rod ‘ and
¢ forging-drawing-pier head ‘. The high and low
structure of forgings is shown in Figure 2. The
grain size of method two is obviously smaller
than that of method one, and the grain distribution
of method two is more uniform than that of meth-
od one. Therefore, the microstructure, properties
and qualification rate of method two forgings are
higher than that of method one. Liu [6]proposed
the forming process of low-pressure turbine shaft
integral forgings, which solved the phenomena
of bending, warping and eccentricity of the rod
in the conventional forging process. Wang [7] di-
vided the disc and shaft parts of the GH4169 alloy
turbine shaft into two-step forging. By adjusting
the appropriate precision forging temperature, the
overall comprehensive performance of the forg-
ings for two-step forging is good.

It is also very important to realize the ac-
curate machining of the remaining amount af-
ter the turbine shaft is formed. Ding [8] studied
the variation of the axial force and torque of the
tool under different drilling parameters in cutting
the outer profile of the turbine shaft. It was con-
cluded that the feed rate has a great influence on
the axial force and torque, and the spindle speed
has little influence on the axial force and torque.

s

method | method 2

(a)

When the spindle speed is 170 and the feed rate
is 0.06, the axial force and torque are the small-
est. Yao et al. [9] studied the turning process of
slender turbine shafts for a certain aircraft, fo-
cusing on machining techniques, tool selection,
and process flows. They proposed improvement
measures for the existing process challenges and
validated them through experiments. Wang Lian
et al. [10] focused on the machining of the inner
bore and outer contour of low-pressure turbine
shafts using a thin-walled hollow long shaft from
a batch production model as the research object,
and they achieved this by reasonably arranging
the machining process route. Chen [11] designed
and manufactured special deep-hole drills, deep-
hole reamers, and other specialized tools, as well
as CNC clamping tools. They sought the optimal
tool path and tool entry point positions, adjusted
and optimized the CNC programs, and explored
the best cutting parameters, which were validated
through cutting tests to confirm the accuracy and
rationality of the CNC programs. Ma et al. [12]
analyzed the deformation characteristics of the
turbine shaft during the cutting process, and de-
termined the mechanical model of the workpiece.
The deformation and stress of the workpiece are
shown in Figure 3. One end of the workpiece is
clamped with a chuck, and the other end is sup-
ported by the top of the lathe tailstock. Under the
action of cutting force, the workpiece presents
bending deformation. When cutting the outer
contour of the turbine shaft, the resonance phe-
nomenon will be caused and the forming quality
of the turbine shaft will be reduced. The structure
of the turbine shaft is simplified as necessary. The
structural mode of the turbine shaft is determined
by the characteristics of the structure itself and
the material properties, and has nothing to do
with the external load. The forced vibration under

method 2

method |

®)

Figure 2. Forging structure (Reprinted from ref.5). (a) Forged low-magnification microstructure (x0.5),
(b) Forged high-magnification microstructure (x100)
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Figure 3. Deformation and stress of turbine shaft (Reprinted from ref.12)

the condition and the external load can be lin-
early composed according to the forced vibration
of these basic characteristics. The mathematical
model is the second-order simultaneous differen-
tial equation in the following form (1)

MS(t) + C8(t) + K&(t) = Py(t) (1)

where: M is the system structure quality matrix;
K is the stiffness matrix of the system
structure; M K are usually a real coeffi-
cient symmetric matrix, C is the damping
matrix of the system structure (an asym-
metric matrix); o(¢) is the displacement
response of each point of the system;
P (1) is the excitation force vector of the
system.

The machining of the inner hole of the tur-
bine shaft has always been one of the difficulties
in the machining of shaft parts[13][14][15]. The
machining process of the inner hole of the turbine
shaft is drilling and boring guide hole-drilling-
reaming-boring. Drilling and boring the guide
hole can increase the rigidity of the drill bit, play
a guiding role, and prevent the hole from deflect-
ing. Reaming can further remove the machining
allowance and prepare for finishing. Repeated
boring in the inner hole to repair the deformation
after heat treatment and reduce the thickness dif-
ference be-tween the inner and outer walls of the
shaft. Feng et al. [16] analyzed the material char-
acteristics, the structural characteristics of the
parts and the processing difficulties, formulated
the process flow, and used the orthogonal test de-
sign method to carry out the deep hole drilling
test on the low-pressure turbine shaft of GH4169
nickel-based superalloy, and obtained a reason-
able combination of drilling process parameters:
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spindle speed 170, feed rate 0.06, cutting fluid
flow 110. Ding8designed a mixed horizontal or-
thogonal test, and analyzed the influence of drill-
ing parameters on the experimental machining,
chip morphology, tool wear and hole axis deflec-
tion. The better drilling parameters were obtained
by comprehensive evaluation: spindle speed 170,
feed rate 0.06. Wang [17] took a certain type of
high-pressure turbine rear shaft as the test object,
improved the processing technology of aeroen-
gine high-pressure turbine rear shaft parts, and
introduced the turn milling composite processing
technology. The principle of turn-milling compos-
ite processing technology is to process the turning
part and the milling part together as much as pos-
sible in a clamping station, reduce the number of
processes, and then control the number of turn-
overs, avoid repeated clamping of parts, and real-
ize the turn-milling integrated processing of high-
pressure turbine rear shaft parts. The processing
can be shortened from the original 42 to 27. Luo
[18] analyzed the machining process of the high-
pressure turbine rear shaft in aeroengines, intro-
duced the machining equipment as well as ma-
terial characteristics, and identified the key chal-
lenges in machining while optimizing the process.
Jiang [19] designed an ultra-long solid carbide
boring bar with a length-to-diameter ratio of 15
and a length exceeding 1 meter, addressing the
limitations of traditional internal bore machining
methods in the deep-hole boring of hollow long
shafts with a slenderness ratio greater than 10.
Liu et al. [20] modified the structure of the turbine
shaft of the original turbine drill and conducted
actual drilling operations, confirming the feasibil-
ity of machining large-diameter deep holes using
the CA-2-1 type pipe thread lathe. The research
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above indicates that the current primary process
for forging the stepped shaft shape of turbine
shafts involves subsequent deep processing of in-
ner holes. However, existing manufacturing pro-
cesses face several challenges, including cumber-
some forming procedures, lengthy processes, dif-
ficulty in deep processing the inner holes of long
shafts, fiber cutting reducing metal performance,
low production efficiency, and material utilization
rates. To achieve high-quality and high-volume
production of aeroengine turbine shafts, this pa-
per analyzed the principles and characteristics
of advanced shaft forming technologies, such as
CWR, three-roll skew rolling (TRSR), as well as
PCRWLI. It discussed key issues and the feasibility
of these processes in shaping turbine shafts. The
study identified that the integrated short-process
flexible forming method of PCRWI represents
the future direction for precise plastic forming
of aeroengine turbine shafts, providing technical
guidance to advance the global aviation industry.

Feasibility analysis of forming turbine shaft
by cross wedge rolling

Multi-wedge synchronous cross-wedge rolling

Multi-wedge synchronous special rolling is a
kind of advanced forming technology for shaft part
[21][22]. This process involves the use of multiple
wedge-shaped molds to simultaneously achieve
radial reduction and axial extension of the rolled

2 2 '
77 tana, tan” S,
3n(ry —1%)

2

K ,
: > tan 3
37[(1”02 - roz) roz - 2 &

2
rO

2 2
77 tang, tan” S
3r(ry =1")

2 2 2
7”7 tang, tan” S, L

tanf; = P 7’ tana, tan” S,
1 2 22
S tan B + ——————

i 3”(”02_"0'2)

A

0 4

2 2 2 2
Ty =1, Iy —n ,
0 1 0 1
5 tan B +———tan 3,
—h o —h

Ty

material. The technique employs two rolls, each
equipped with a series of wedge-shaped molds,
which rotate in the same direction. This rotation
drives the circular workpiece to spin, facilitating the
desired shaping through the combined actions of
radial compression and axial elongation. The roll-
ing piece is rolled into shaft parts of various shapes
and lengths under the action of wedge-shaped pass.
The deformation of cross wedge rolling is mainly
radial compression and axial extension. During
rolling, the radial force from the rolls compresses
the workpiece radially, while the tangential friction
drives the workpiece rotation, ensuring continu-
ous radial deformation. Because the rolled piece is
deformed in the roll pass, the rolled piece is also
subjected to an axial force, which promotes or pre-
vents the rolled piece from extending deformation.
Under the action of these external forces, the defor-
mation process and metal flow law inside the rolled
piece are very complex, and in the process of multi-
wedge synchronous special rolling, there is still a
complex mutual restriction relationship between
the wedges, resulting in the mold design process.
The calculation of the deflection angle is compli-
cated, as shown in formula (2) [23]. It is evident
that there are many design parameters of deflec-
tion angle. If the selection is not appropriate, the
phenomenon of rolling uncleanness appears on the
long shaft section with equal diameter, as shown in
Figure 4. Therefore, the key of multi-wedge rolling
long shaft hollow turbine shaft is how to ensure the
smooth metal transition between wedge.

(Both the first and second wedges are wedged)

(The first wedge is wedged, and the second wedge is widened)

2

(The first wedge is widened, and the second wedge is wedged)

( Both the first and second wedge are widened)

1_

Ve ampe—
- x
M

Figure 4. The unrolled portion of the long shaft section with a constant diameter
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where: 0 is the deflection angle; 7 is the distance
the rolled piece travels along the mold
roller surface; ¢ is the amount of move-
ment at the end of the rolled piece; o is the
forming angle; 8, §’, , §’,, are the spread-
ing angles, the actual spreading angle of
the second wedge entry segment, the ac-
tual spreading angle of the second wedge
spreading segment; r,, r,” are the initial
outer diameter and initial inner diameter
of the rolled piece; r, r,” are the outer
diameter and inner diameter of the rolled
piece after forming.

In multi-wedge rolling forming, due to the
uneven flow velocity of the inner and outer parts
of the metal, a certain deflection angle must be

(.

selected for the mold for ease of machining. This
results in the side wedge not being able to avoid
the metal in time during the initial stages of the
wedge entry and spreading segments, causing the
step section to be compressed. In the later stages
of the spreading segment and before the finishing
segment, the metal flow rate cannot keep up with
the mold deflection speed, leading to the middle
long shaft section with a constant diameter being
stretched, resulting in wall thickness reduction
and uneven wall thickness. To address this, the
wedge of the mold transition section is modified
using a rolling curve. As shown in Figure 5, the
transition is evidently smooth, and the forming
effect is quite good, effectively controlling the
surface quality of the long hollow shaft.

Figure 5. Mold design scheme and the forming process of the smooth transition section of the three-wedge
long shaft (a) multi-wedge die, (b) three-dimensional model of multi-wedge die, (c) transition section
forming diagram.
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Multi-wedge cross rolling for synchronous
rolling of long hollow shafts ensures consistent
internal diameters by inserting a core rod into
the heated rolled billet. This method results in a
more complex layout than conventional wedge
cross rolling. By developing a mechanical model
for multi-wedge synchronous rolling of hollow
train axles, Zheng [24] derived the conditions
for stable rolling and established the criteria for
wedge cross-rolling instability that lead to the
flattening of the hollow train axle. The schematic
diagram of automated multi-wedge synchronous
cross rolling for hollow shafts is shown in Fig-
ure 6. Consisting primarily of heating equipment
1, hollow billet 2, conveyor rollers 3, variable-
angle inclined stands 4, core rod insertion device
5, wedge cross rolling machine 6, formed piece
7, and core rod extraction device 8. The billet
overturning machine and inclined stands are inte-
grated into a variable angle inclined stand design.
This layout ensures equipment support for multi-
wedge synchronous technology in forming tur-
bine shafts. Through optimized mold parameters,
multi-wedge synchronous cross rolling technol-
ogy for forming turbine shafts is feasible.

Combined cross wedge rolling forming
technology

Aiming at the problems of large die diameter,
large equipment and high cost in the process of
forming large shaft parts by single wedge cross
wedge rolling, Pater proposed a multi-roll com-
bined cross wedge rolling method. As shown in

Figure 7 [25][26], the multi-roll combined cross
wedge rolling divides the rolling process into two
stages. Initially, the left and right rolls in each
set of rolls are individually spaced apart from
the central rolls. Subsequently, the heated blank
is advanced axially through the gap between the
intermediate rolls of the three distinct roll groups.
This precise alignment and movement ensure the
controlled deformation of the material as it passes
through the rolling process. Then, the rotation of
the intermediate rolls is controlled in the three
sets of rolls, the intermediate section of the bil-
let is rolled, stopping after the intermediate roll
rotates one circle, and the intermediate section
of the billet is rolled. The left and right rolls in
each set are connected coaxially to the intermedi-
ate rolls and are driven to rotate synchronously by
them for one complete revolution. The intermedi-
ate rolls are used to finish the middle section of
the billet. At the same time, the left and right rolls
are rolled at both ends of the billet to obtain the
rolled piece. The advantage of this method is that
it can greatly reduce the size of the combined roll
mold and the size of the whole machine, which
can save at least 1/3 of the mold space, and ensure
the forming quality of large long shaft parts. Fig-
ure 8 is a hollow shaft with different wall thick-
ness rolled by the combined cross wedge rolling
forming technology [27]. Compared with the tra-
ditional process, the hollow axle produced by this
technology has high dimensional accuracy, good
surface finish, smooth surface of the rolled piece,
and no obvious defects, such as depressions and
cracks. This suggests that the combined wedge

Figure 6. Schematic of rolling line: 1. Heating equipment, 2. Hollow billet, 3. Conveyor rollers,
4. Variable-angle inclined stand, 5. Core rod insertion device, 6. Cross wedge rolling machine,
7. Formed piece, 8. Core rod extraction device
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a)

Figure 8. Hollow shaft formed by rolling

cross-rolling technology can be applied to the
manufacturing of turbine shafts.

Flexible forming principle of three-roll cross
rolling

As shown in Figure 9 [28], it is a schematic
diagram of the three-roll skew rolling (TRSR)
forming principle for a turbine shaft. The three
rollers rotating in the same direction are distrib-
uted around the rolling center line at a circumfer-
ence of 120°120°, and the roll axis is deflected
by a certain angle relative to the rolling center
line (i.e. the feed angle)[29]. In the rolling pro-
cess, the three same rolls rotate in the same direc-
tion around their respective axes, and drive the
rolling piece to rotate in the opposite direction.
Due to the existence of the feed angle, the rotation
of the roll can provide axial force for the rolling
piece, thus driving the rolling piece to move along
the axial direction. Controlling the roll spacing
of the three rolls can achieve the flexible form-
ing requirements of the multi-step turbine shatft,
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whereas the traction of the chuck can regulate the
rolling speed and stability.

Feasibility analysis of three-roll cross rolling
based on hollow billet turbine shaft

The superalloy turbine shaft installed on the
turbine rotor of an aero-engine is taken as the re-
search object, and the size is reduced according
to the ratio of 1: 3. The specific size is shown in
Figure 10. According to the principle of equal vol-
ume, and appropriate to leave a certain amount
of processing residue, the final selection of outer
diameter 50 mm, inner diameter 10 mm, length
230 mm tube blank rolling. The three-dimension-
al geometric models of turbine shaft tube blank,
roll, mandrel and chuck were established by using
Solidworks software, and these models were saved
as STL format. Then, the STL file was imported
into Simufact finite element software, and finally
the finite element model of three-roll skew rolling
(TRSR) of turbine shaft was established as shown
in Figure 11 [30]. In Simufact preprocessing, the
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Roll 1

Chuck

Workpiece
P mandre

Figure 9. Schematic diagram of three-roll skew rolling principle of turbine shaft

material for the tube billet is set to GH4169 high-
temperature alloy, which is commonly used for
key components in aircraft engines due to its high
strength and excellent corrosion resistance [31]
[32]. During the simulation process, the physi-
cal properties of the material were set as follows:
thermal conductivity: 11.4W-m-K"!, specific heat
capacity: 435J-kg!-K!, thermal expansion coef-
ficient: 1.3x10°K *, Young’s modulus: 203GPa,
Poisson’s ratio: 0.29, density: 8190kg-m. The
simulation parameters are shown in Table 1.
Through the point displacement tracking
function of the Simulation software, the flow law
of the metal on the rolled piece was explored. In
the direction of the rolling line on the rolled piece,
atotal of 9 sections from ‘A’ to ‘I’ were intercepted
equidistantly, of which section ‘A’ and section ‘E’
were 23 mm away from the left and right ends of

the billet, respectively. Five sampling nodes were
defined from the inside to the outside along the
radial direction on each section, marked as P1-P5,
and the position of the sampling nodes was shown
in Figure 12. Figure 13 is the displacement cloud
diagram of the final forming of the rolled piece, in
which the cross section is the cutting diagram of
the rolled piece along the direction of the rolling
line. It can be seen from the figure that the axial
displacement of each section node gradually de-
creases from the inner surface to the outer surface
along the radial direction. Along the axial direc-
tion, it gradually increases from left to right, and
the amplitude of the increase gradually increases.
Therefore, it is shown that the metal of the turbine
shaft mainly flows along the axial direction dur-
ing the TRSR forming process. To investigate the
out-of-roundness and wall thickness uniformity

51 120

1
oloh N
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i
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1
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Figure 10. Turbine shaft size diagram 1:3

roller 1

roller 3

roller 2

Figure 11. Finite element model of three-roll cross rolling of turbine shaft
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Table 1. Process parameters for numerical simulation

Process parameters Value
Rotation speed of the first pass n, 80 rad-min"
Axial speed of the first pass v, 20 mm-s™’
Rotation speed of the second pass n, 60 rad-min-!
Axial speed of the first pass v, 20 mm-s’
Feed angle a 5°
Thermal conductivity coefficient 0.05 kW/ (m? - K)
Thermal emissivity 0.25
Friction coefficient between the workpiece and the roller 0.9
Friction coefficient between the mandrel and the workpiece 0.1
Initial preheat temperature of the billet 1050 °C
Ambient temperature 20 °C
Die temperature 150 °C
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Figure 12. Metal flow sampling node position

Displacement [mm]

156.44
141.15

125.86
110.57
95.28
79.99

64.70
H 49.41
34.12
18.83

354

Figure 13. The displacement distribution of the final rolled piece

errors of a turbine shaft, three sections with equal
diameters, created by the rollers on the shaft, were
chosen as the subjects of the study. In the turbine
shaft, which consists of three constant diameter
sections from left to right, 7 cross-sections were
selected for the first section, 7 for the second sec-
tion, and 4 for the third section, totaling 18 cross-
sections for the three sections, and 21 sampling
nodes corresponded to the inner and outer rings of
each section (as shown in Figure 14.). The out-of-
roundness error was calculated by using the least
squares circle method, and the wall thickness stan-
dard deviation represented the wall thickness uni-
formity. The roundness error was determined using
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the least squares circle method. Specifically, this
involved calculating the coordinates of the cir-
cle’s center (a, b) (The formula for calculating
the center of the circle is shown in (3).) and the
radius R to minimize the sum of the squared dis-
tances from the sampling points to the circle (as
it was shown in Equation (4)). The roundness er-
ror was then defined as the difference between
the maximum distance R _ and the minimum
distance R from the sampling points to the cir-
cle’s center. The calculation formula is provided
in (5). The wall thickness standard deviation was
computed based on the variation in wall thick-
ness measurements obtained from the sampling
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Figure 14. Sampling point location

points, providing a measure of the uniformity of
the wall thickness across the cross-section. The
calculation formula is provided in (6). Figure
15 shows the curve of 18 sections forming qual-
ity change. It can be seen from the diagram that
the variation trend of the outer roundness error
and the wall thickness standard deviation of the
rolled piece from left to right section is basically
the same. The maximum values of the first step
and the second step are located in the last section
of the step. The maximum values of the outer
roundness error and the wall thickness standard
deviation of the first step are 0.219 mm and 0.057
mm. The maximum values of the second step
are 0.165 mm and 0.050 mm, respectively. The
roundness error and wall thickness standard de-
viation of the 16th and 17th sections on the rolled
piece are smaller than those of the other sections.
This is because the metal in this area is subjected
to axial tensile stress and flows along the axial
direction, thereby reducing the additional defor-
mation of the metal. Therefore, the two sections
at the necking position have better roundness and
wall thickness uniformity. Therefore, the feasi-
bility of forming turbine shaft by this process is
theoretically explained.
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where: 7 is the number of sampling points on the
cross-section; (7, 0) is the polar coordi-
nates of the sampling points; 7 is the index
of the sampling points, (a, b) is the center
and the radius; R' is the least squares circle

Hj=\/(x —x)?+ (v —yp)?

(
|
=¥ Hj 6)
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where: (x y ) is the coordinate value of the jth
node of the outer ring of the section; (x y)
is the coordinate value of the jth node of
the inner ring of the section; ; is the serial
number of the section node; H/ is the aver-
age wall thickness of the section; n is the
number of wall thickness on each section.

The team led by Szota PL at the Czestochowa
University of Technology in Poland provided a
detailed theoretical and experimental explanation
of the forming process of aluminum rods using

0.06 4

0.05 4

0.04 4

0.03 4

0.02 4

0.014

0.00

0 2 4 6 8 10 12 14 16 18
cross section
(b)

Wall thickness standard deviation / mm

Figure 15. Variation of section forming quality; (a) outer roundness error (b) wall thickness uniformity
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three-roll skew rolling. They also investigated the
influence of process parameters on the tempera-
ture field of the rolled workpiece during the three-
roll skew rolling process [33][34]. To further vali-
date the process, rolling experiments were carried
out in the part forming laboratory of the Technical
University of Lublin, Poland, using a Ti6AIAV
hollow axle as the research abject. The form-
ing process is shown in Figure 16 [35][36][37].
Firstly, the billet was heated to 980 °C using the
heating furnace, and then the high-temperature
hollow shaft blank was secured onto the four-jaw
chuck. Afterwards, the rolled piece was inserted
into the roll gap through the axial feed mecha-
nism; then, the roll and the fixture moved simulta-
neously to form a hollow shaft. The axial traction
speed of the fixture and the radial feed speed of
the roll were controlled by the control system to
form. Finally, the rolled piece was taken out of
the fixture and cooled by water. Figure 17 shows
the temperature field simulation of the three-roll
skew rolling of a hollow shaft obtained using the
finite element simulation software Simufact (The
roll speed is 60 rad/min, the feed angle is 7°, the

axial traction speed is 40 mm/s, the friction coef-
ficient between the roll and the rolled piece is 0.9,
whereas the heat transfer coefficient between the
workpiece and the mold is 20 kW/m?-K.). The ex-
perimentally rolled piece matched the simulation
results in terms of geometry and features, validat-
ing the effectiveness of the rolling process.

Integrated piercing-rolling forming
of aviation turbine shaft

Forming principle and characteristics

Figure 18 is the forming process of PCRWI.
Firstly, the solid bar was heated and entered into the
perforation area composed of the two rollers and the
piercing plug for solid perforation to form a hollow
tube blank, and the inner hole forming of the hol-
low shaft could be completed without machining
(short process). Subsequently, the cross-rolling area
composed of flexible rolls was entered for flexible
rolling with self-adjusting shape consistent with
the shape of the shaft, and the shaft shape forming
(flexible forming) could be completed without the

Figure 16. Forming process of hollow shaft three-roll cross rolling experiment: (a) feeding,
(b) initial rolling, (c) rolling in progress, (d) rolling completed

Temperature [°C]

[ }1065.92
1017.48
968.99
920.52
872.05
823.58
775.11
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Side view

Axial section

Figure 17. Temperature field simulation diagram of three-roll cross rolling hollow shaft forming process
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(a)Perforation stage

(b)Synchronous piercing
cross rolling stage ‘

(d)Rolling completed

(c)Three-roll cross rolling stage

Figure 18. Integrated forming process of piercing and cross rolling

mold; precise forming could be achieved through
the coordinated control of rolling and rolling. The
process of forming hollow shaft by this process
can be divided into four stages: piercing stage, syn-
chronous piercing stage, TRCR stage and rolling
completion. Because the hollow shaft piercing and
rolling synchronous forming is to complete the in-
ner hole forming and the step shape forming in one
process, there is no need to carry out the deep pro-
cessing of the inner hole alone, the process is short,
the material waste is avoided and the continuity of
the metal rolling fiber is maintained, which is ben-
eficial to improve the mechanical properties of the
aluminum alloy hollow shaft, meet the production
of diversified parts, and reduce the production and
manufacturing costs [38][39].

Forming process and quality control

Figure 19 shows a three-dimensional geo-
metric model of turbine shaft piercing and skew

\ piercer roll

holding rin \/ reducing roller 1

[
pusher\ \a

reducing roller 2

blank

Figure 19. Piercing-rolling integrated finite element
simulation model

rolling integration [40]. The model is mainly
composed of turbine shaft blank, three groups
of rolls, ejector rod, push block and positioning
ring. It was imported into Simufact finite element
simulation software for simulation test. Simula-
tion parameters were set as shown in Table 2.
The strain field distribution of the longitudinal
section of the rolled piece and each important
cross section of the deformation zone are shown
in Figure 20. On the first step shaft section (sec-
tion 1-1, section 2-2), the strain started from the
outer surface and gradually penetrated inward.
The strain on the inner surface was small and the
overall strain was basically the same. On the sec-
ond step shaft section (section 3-3, section 4-4),
the outer surface strain increased rapidly with
the reduction deformation, and no longer contin-
ued to increase after the strain reaches 4.60. The
change process of the inner surface was relatively
slow due to the resistance of the ejector rod. On
the third step shaft section (section 5-5, section
6-6), the outer surface strain continued to increase
to a maximum of 15.34, while the inner surface
strain remained unchanged. In general, the outer
surface strain was larger than the inner surface in
the process of PCRWI, indicating that the metal
flows from the outer surface to the inner surface
during rolling. The strain of the reducing section
was larger than that of the piercing section, and
the strain of the cross section of the rolled piece
shows a more regular annular distribution. Se-
lect feed angles and speeds for the piercing roll
(feed angles: 6°, 8°, 10°; speeds: 40 rad/min, 60
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rad/min, 80 rad/min); feed angles and speeds for
the reducing roller 1 (feed angles: 7°, 9°, 11°;
speeds: 90 rad/min, 110 rad/min, 130 rad/min);
feed angles and speeds for the reducing roller 2
(feed angles: 8°, 10°, 12°; speeds: 110 rad/min,
130 rad/min, 150 rad/min) to design a six-factor

Table 2. Simulation process parameters

and three-level orthogonal experiment, compris-
ing a total of 27 trials, to study the effect of pro-
cess parameters on the outer diameter error, outer
roundness error, and wall thickness variance of
the turbine shaft. The test results are shown in
Figure 21 [41]. The orthogonal test results were

Process parameters Values

Piercing roll feed angle o, /° 6
Piercing roll rotational speed n,/rad-min”! 60
First-pass reduction roll feed angle a./° 9
First-pass reduction roll rotational speed n,/rad-min™* 90
Second-pass reduction roll feed angle a,/° 12
Second-pass reduction roll rotational speed 150
First-pass reduction amount/mm n,/rad-min-1

Second-pass reduction amount/mm 11

6

equivalent plastic strain
15.34

1-1

: 4
1 2 3 4
2-2 3-3 4-4

Figure 20. Strain distribution of rolled piece and each section
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Figure 21. Orthogonal experiment results
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Figure 22. Comparison of simulation results with the shape of the target shaft

Table 3. Simulation results of optimal control
parameters

Indicators Value(mm)
Outer diameter error 0.101
Outer roundness error 0.056
Wall thickness variance 0.021

imported into the data analysis software SPSSAU
for range analysis. The optimal surface quality of
the rolled piece was obtained when the piercing
roll speed was 60 rad/min and feed angle amount-
ed to 8°, the reducing roller 1 speed equaled 90
rad/min and the feed angle was 9°, the reducing
roller 2 speed was equal to 130 rad/min, and the
feed angle amounted to 12°.

Using the optimal control parameter combina-
tion obtained above for simulation, the simulation
results compared with the target shaft shape are
shown in Figure 22. The overall shape and dimen-
sions met the design requirements of the target
shaft, and there were no defects such as twisting,
fracturing, or collapsing in the rolled piece, indicat-
ing good surface quality of the rolled piece formed
by integrated piercing and rolling. The outer diam-
eter size data of the obtained rolled piece were used
to calculate the forming quality indicators, and the
calculation results are shown in Table 3. This sug-
gests that the indicators of the optimal process pa-
rameter combination are all lower than those of the
orthogonal experiment group, indicating that the
forming quality of the rolled piece obtained with
this combination is optimal, thus proving the ac-
curacy of the orthogonal experiment results.

CONCLUSIONS

1. The forging and cutting combination forming
process of aeroengine turbine shaft is cumber-
some, the deep processing of the inner hole of

the long shaft is difficult, the metal fiber cutting
reduces the performance, the production effi-
ciency and the material utilization rate are low,
and the core technology of precision forging is
monopolized.

2. Compared with the forging process, the cross
wedge rolling process has the advantages of
high efficiency, energy saving and high material
utilization rate. However, it is difficult to real-
ize industrialization due to the disadvantages of
complex mold design and high equipment cost.

3. Three-roll flexible cross rolling can realize the
non-die flexible forming of the turbine shaft
outer profile. Variable roll spacing can realize
multi-stage long shaft forming to meet diversi-
fied parts production, and realize high-efficien-
cy, high-performance, less-cutting and precise
volumetric forming of turbine shafts, which sig-
nificantly improves the material utilization rate.

4. The process of forming aeroengine turbine
shaft by short process of piercing and rolling
integration combines the hollow billet formed
by solid billet piercing with the multi-step shaft
shape formed by cross rolling flexible forming,
which can realize the synchronous forming of
inner hole and outer contour, and can effective-
ly realize the high quality, high quantity and
high efficiency production of turbine shatft.

Turbine shafts are typically made from high-
temperature alloy materials that possess limited
plasticity, high resistance to deformation, a nar-
row window for hot processing, and poor thermal
conductivity. These characteristics lead to an in-
creased dislocation density in the material during
plastic forming, making it susceptible to defects.
Improvement of the plastic source of heat-resis-
tant superalloy, reducing the dislocation density
in plastic deformation, and suppressing the de-
fects that may be generated by plastic deforma-
tion are the essential to the successful completion
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of plastic forming of turbine shaft. The metal flow
of the turbine shaft formed by piercing and cross
rolling integration (PCRI) is complex. Coordinat-
ing and controlling the uniform metal flow in the
deformation area is the key to ensure the high-
quality forming quality of the process. Therefore,
it is necessary to explore the plastic source of plas-
tic deformation of superalloy and its improvement
method, establish the theoretical model of rolling
collaborative deformation of PCRI process, and
establish the macro-micro uniformity principle of
synchronous collaborative forming of aeroengine
turbine shaft hole shape. It is a series of key scien-
tific problems to be solved urgently to realize the
short-process high-quality precision forming of
aeroengine turbine shaft PCRI process, and it is
the future development direction of turbine shaft
precision forming.
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