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Abstract: The labyrinth-honeycomb seals have been widely used in aero-engine. However, radial
cracks appear on labyrinth seal fins of shrouded turbine blade in use. To clarify the rubbing mode
of radial crack initiation, a high-speed rubbing test bench was designed. The effects of five rubbing
modes on crack initiation were studied. Through the test, it is found that cracks would be formed at
the junction of the fin tip and side of the labyrinth seal fins under all five modes. When two successive
rubbing modes are different, the temperature of the last rubbing can be lower than that of it alone
rubbing, and simultaneous radial and axial rubbing can inhibit each other. Radial rubbing mainly
affects the initiation of cracks on fin tip, while axial rubbing mainly affects the initiation of cracks on
the side. Moreover, the rubbing temperature is mainly affected by radial force.

Keywords: shrouded turbine blade; labyrinth seal; high-speed rubbing; radial crack; crack initiation

1. Introduction

Improving efficiency is an important concern in the field of aero-engine. Leakage of
airflow can reduce the efficiency of an engine; hence, reducing the leakage has been a focus
of aero-engine development in the recent decade [1]. Generally, a sealing system is designed
between rotating parts and stationary parts to control the leakage of airflow. One sealing
system is called labyrinth seal, which is composed of several labyrinths on rotating parts
and bushings on stationary parts. The bushing with abradable material allows the labyrinth
fins to rub against it without causing significant damage or wear to the rotating parts while
maintaining an effective sealing interface [2]. At present, a commonly used bushing is the
honeycomb seal brazed on the surface of stationary parts as the wearable material [3], as
shown in Figure 1. Controlling the clearance of sealing structures is the most economical
and effective way to reducing air leakage. Usually, the clearance between the labyrinth
seal fin and honeycomb is as small as possible [4]. However, the reduction of clearance can
increase the risk of labyrinth seal fin and honeycomb rubbing. The transients of the engine
starting, stopping, and hot restarting can lead to misalignment of the sealing parts, and
there are also mechanical expansion, vibration, and thermal stress during operation. This
causes the fins to rub against the honeycomb, leading to wear or crack of the fins [5,6]. In
the maintenance of an engine, it is found that the labyrinth seal fins of the shrouded turbine
blade have circumferential wear and radial microcracks, that is, the cracks that originate in
the contact zone between the fins and honeycomb and extend to the root of the labyrinth
seal fin, which is called radial cracks in this paper. The rapid propagation of radial cracks
can lead to blade failure, which can endanger the safe operation of the engine.
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Figure 1. Labyrinth honeycomb sealing system.

At present, domestic and foreign researchers have carried out relevant research work
on crack initiation and achieved some results. For example, in experimental research, Tim
Pychynski et al. [7], Na Zhang et al. [8], Ulrich Rathmann et al. [9], Corentin Delebarre et al. [10],
and Maél Thévenot et al. [11] designed their high-speed rubbing test benches to study the
rubbing of seal fin and honeycomb. Among them, Pychynski’s and Rathmann’s test samples
are non-segmented seal fin and a section of the bushing. Non-segmented labyrinth seal fin
refers to one or more integral ring fins on the shaft, such as the fin of the drum and the turbine
fin of a disk; Zhang’s test samples consist of a section of fin and a section of honeycomb.
Delebarre’s and Thévenot's test samples are non-segmented fin and non-segmented bushing.
During the above test, the three-dimensional force sensor is used to measure the rubbing force,
the infrared thermal imager is used to measure the rubbing temperature, and the rubbing
process is recorded by a high-speed camera. Through the experiments, it is found that the
rubbing force is mainly affected by the incursion rate [7,8] and rubbing speed [7,12]. The
rubbing temperature is related to the rubbing speed and incursion rate. Tim Pychynski and
Na Zhang believe that the rubbing force and rubbing temperature are mainly affected by the
incursion rate, while Soler believes that the effect of the rubbing speed is more obvious [12].
There are strong interactions between rubbing force, rubbing temperature, and wear behavior
of the rubbing system, in which thermal effect plays an important role in rubbing behavior [7].
In addition, Hui Ma [13] reviewed the mechanical model, experimental and numerical analysis
model of labyrinth seal fin under rubbing conditions.

At present, it is generally believed that the radial crack of the fin is a thermal
crack [14-20], characterized by small cracks on the surface, with roughly equal spacing
and the direction perpendicular to the sliding direction [15]. A possible reason for the
initiation of thermal crack is the thermal load in the process of high-speed rubbing, and the
local overheating of the contact surface can first form thermoelastic instability [16]. The
thermal expansion in the local high-temperature region can produce very high compressive
stress, which can easily lead to plastic flow. During contact movement and thermal load
release, residual tensile stress can be generated on the contact surface, which may lead to
the fracture of brittle inclusions on the surface, resulting in cracks [15-18]. Micro cracks
usually occur on the weakened grain boundary, even if there is no crack, overheating
may permanently reduce the strength and hardness of the material. If the grain boundary
becomes weak or begins to melt due to overheating, even a small tensile strain is enough
to cause cracks [17]. The crack location depends on the rubbing coefficient and Peclet
number [18]. Tim Pychynsk [19] taking the heating rod fixed at both ends as an example,
analyzed that the radial cracks of a non-segmented fin are mainly caused by high tensile
stress, and the mechanical load in the rubbing process can be ignored compared with
the thermal load. Applying heating cyclic load to the cylinder fixed at both ends, it is
found that the stress and strain in the part depend on the initial temperature and final
temperature of the sample, and the final rubbing temperature mainly affects the residual
tensile stress [20]. With the increase of the radial incursion rate, the wear mechanism of
the fin changes from oxidative wear and adhesive wear to layered wear, and then to metal
wear [21]. The participation of axial rubbing can lead to higher rubbing force, rubbing
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temperature, and wear rate. At a higher axial incursion rate, the rubbing layer on the fin is
thicker and the crack is more obvious [22].

In summary, under the condition of rubbing, the residual tensile stress of segmented
sealing fins is expected to be much lower than that of non-segmented ones [19], and the
initiation reason for segmented fin crack is not clear. For the research on the crack initiation
of segmented fin, only two modes of radial rubbing, radial and axial simultaneous rubbing
are carried out. However, in the work of aero-engine, the rubbing of turbine blade shroud
and honeycomb may have five modes: radial rubbing, axial rubbing, first radial and then
axial rubbing, first axial and then radial rubbing, and radial and axial simultaneous rubbing.
Therefore, it is necessary to study the effect of rubbing mode on the initiation of radial
cracks in labyrinth seal fins of a shrouded turbine blade.

In order to clarify the rubbing mode of the initiation of radial cracks in labyrinth seal
fins of a shrouded turbine blade, a high-speed rotary rubbing test bench was built in this
paper, which can control radial rubbing and axial rubbing independently. The effect of the
above five scraping modes on the initiation of the fin crack is studied.

2. Test System and Method
2.1. Test System

The test is carried out on the high-speed rotary rubbing test bench of Nanjing Uni-
versity of Aeronautics and Astronautics. The test system is shown in Figure 2. To prevent
the rotation speed of the disk from reducing during high-speed rubbing, a flywheel with
a large mass is installed on the high-speed shaft, which stores energy through the inertia
of the flywheel and maintains the rotating speed of the disk during high-speed rubbing.
In the actual engine, the honeycomb is installed on the stationary casing, and the turbine
blade is installed on the rotating shaft, so the honeycomb is stationary and the labyrinth
seal fin is rotating. Since the temperature of the fin cannot be measured in a rotating state,
and the thermal load accounts for the main part of the high-speed rubbing process [17], the
mechanical load in the rubbing process can be ignored compared with the thermal load [19],
therefore the stationary parts and moving parts are exchanged to make the honeycomb
rotate in the experiment. The rubbing temperature and rubbing force of the fin are mainly
affected by the rubbing speed and incursion rate. In the experiment, rubbing speed can
be controlled by controlling the speed of the high-speed motor, and the incursion rate
can be controlled by the axial feeding platform and radial feeding platform. Therefore,
the rubbing process in the experiment is equivalent to that of the real engine. To prevent
the honeycomb from falling off, the honeycomb is installed in the groove of the wheel
disc by a combination of laser spot welding and glue bonding, as shown in Figure 3, and
the wheel disc is made of 7075 aluminum alloy to ensure its strength. The wheel disc is
connected with the high-speed motor through the speed increase box. The high-speed
motor is a frequency conversion triple-phase asynchronous motor, the power is 75 kW,
and the maximum speed is 3000 r/min. The speed increasing ratio of the speed increasing
box is 1:10. By controlling the rotating speed of the wheel disc, the linear speed of the
honeycomb is 180 m/s.

Labyrint

th-honeycomb
- Shaft
H H - I Hi:Speed Motos
Flywheel  Gobor
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dial feeding platfor
Radial feeding platform Disk

g

Infrared thermal imager Compater

Figure 2. High-speed rotary rubbing test system.
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Figure 3. Installation of honeycomb.

The measurement of temperature and force, and incursion control, are shown in Figure 4.
The radial incursion and axial incursion of the labyrinth seal fin are realized by installing
the turbine blade on two mutually perpendicular feeding platforms. Both platforms are
customized by Nanjing University of Aeronautics and Astronautics. The movement of the
platforms is controlled by a linear motor, and the operation accuracy is 2 pm. A three-
dimensional force sensor (type T505, Right) is installed under the blade to measure the
rubbing force. The measuring range of the sensor is £1000N and the measurement error is
£2%. Usb8710 (ART technology, Beijing, China) high-speed data acquisition card is used to
collect the signal of three-dimensional force, and the acquisition frequency is 100 kHz. The
rubbing temperature is measured by infrared thermal imager FAST M200 (Telops, Quebec
City, QC, Canada), and the measurement frequency is 600 Hz with 136 x 90 pixels in this
paper. The temperature measurement range is 76~612 °C with the 25 mm fixed focus lens, and
the range is 76.2913~611.948 °C in fact. Since the working temperature of the platforms and
the three-dimensional force sensor is 0~60 °C, to avoid excessive temperature, a water-cooling
device is installed under the three-dimensional force sensor and the platform. In this paper,
it is defined that the direction along the blade span is radial, the axis direction of the disc is
axial, the rotation direction of the disc is circumferential, and the tangent direction of the fin
tip surface of the labyrinth seal fin is tangential.

Disc Axial incursion
| direction
Sliding direction
Radial incursion
direction
-}

Water cooler

Labyrinth seal
fins with blade .
3D force meter
Radial feeding platform
& S S
‘1' ( / ~+—— Axial feeding platform
- .
d 88
t ~ 1
W/ Water cooler
(a) (b)

Figure 4. Incursion control and test measurement. (a) Measurement of temperature and force.
(b) Schematic diagram of incursion control.

2.2. Test Sample

The test samples of the labyrinth seal fin and honeycomb are shown in Figure 5. The
test sample is an 8° circular arc step fin, and the height, thickness, and angle of the two fins
are the same, and the gap between them and the step honeycomb is 0.5 mm in the initial
state. To realize the continuous rubbing in the real engine, four honeycombs are used to
form a whole ring and adopt the honeycomb structure commonly used in aero-engines. It
can be seen from Figure 5b that the honeycomb is welded by a periodic hexagonal structure
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(welded at the position of bimetallic foil), and the size of each honeycomb cell is 0.8 mm.
The rubbing direction of the fin and honeycomb is parallel to the edge of the bimetallic foil.
About 19 turbine blades were used in the test, and all blades were tested only once. Before
the test, fluorescent penetration, X-ray, and metallographic examination were carried out,
and all blades and fin were free of surface cracks and internal defects.

Slinding direction Radial incursion

direction

Axial incursion
direction

03mm

7
?

77777777777

(a)

of honeycomb.

(b)

Figure 5. Dimensions of the test sample. (a) Test sample of the labyrinth seal fin. (b) Test samples

The materials of the fin and honeycomb are commonly used in aero-engines. The
material of the fin is Rene’80, and the material composition is listed in Table 1. The material
of the honeycomb is Hastelloy X, and the material composition is listed in Table 2. The
mechanical properties of Rene’80 and Hastelloy X are listed in Table 3, and the densities of

Rene’80 and Hastelloy X are 8160 kg/m? and 4430 kg/m?.

Table 1. Composition of Rene’80 (wt.%).

Composition C Cr Ni Co \% Mo Al Ti Fe
Content/% 0.16 13.8 balance 9 4.0 3.8 3.1 4.8 0.32
Table 2. Composition of Hastelloy X (wt.%).
Composition Ni Cr Fe Mo Co w C Mn Si B
Content/% balance 22 18 9 1.5 0.6 0.1 0.98 0.95 0.007
Table 3. The mechanical properties of Rene’80 and Hastelloy X.
Rene’80 Hastelloy X
E/GPa «/10-6.°C-1 ¢, /MPa opo.2/MPa E/GPa «/10-6.°C-1 g, /MPa opo.2/MPa T/°C
199.0 12.56 1090 815 187.6 12.5 809 361 200
175.2 17.16 985 630 160.3 14.8 531 227 600
171.0 18.7 975 660 156.6 15.2 496 225 650
168.8 18.42 1000 610 154.0 15.5 446 223 700

2.3. Test Process

Before the test, first move the fin to the position in contact with the honeycomb, adjust
the position and angle of the infrared thermal imager to ensure that the temperature at the
rubbing position can be photographed, and record the axial slide position and radial slide
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position as zero. After the fins retreat 5 mm in the radial direction, the high-speed motor
is started, and the speed of the motor is adjusted to make the speed of the wheel reach
10,000 r/min. Turn on the infrared thermal imager and the three-dimensional force mea-
surement system to start recording. First, the labyrinth seal fins were moved to the zero
point by the radial feeding platform, and the axial feeding platform kept stationary. Then,
according to the test conditions, by controlling the incursion rate and displacement of the
axial feeding platform and radial feeding platform, the fin can be scraped at the specified
incursion rate and incursion depth in the axial and radial directions respectively. After the
test, the crack initiation was observed by optical microscope.

2.4. Test Parameters

During the test, the incursion rate and incursion depth were named radial incursion
rate (V7), axial incursion rate (Va), radial incursion depth (Sr), and axial incursion depth
(Sa) respectively. They are shown in Figure 6a, and the dotted line indicates the initial
position of the seal fin, while the solid line indicates the position at the end of rubbing;
mainly research radial rubbing(represented by Ra in paper), axial rubbing(represented by
Ax in paper), first radial and then axial rubbing(represented by Ra-Ax in paper), first axial
and then radial rubbing(represented by Ax-Ra in paper), and radial and axial simultaneous
rubbing(represented by Ra&Ax in paper) on the temperature and cracks initiation of the
fin, as shown in Figure 6b. The test conditions of each rubbing mode are listed in Table 4,
in which “-” means no slip motion.

| Ra 7 | Ax Ra&Ax

‘
i

Sr

honeycomb

r

-

R veloity(anis)
Aialvelosiy(pas)

Radialvelity(nis)
fosialvelosity(uns)

Radial veleity(us)

\

i

Vi

i
i

|

Pt

P
i
i
i
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Rackil velocityuns)

Al veloity( )

(a) (b)

Figure 6. Schematic diagram of rubbing parameters. (a) Schematic diagram of Vr, Va, Sr, and Sa.
(b) Schematic diagram of rubbing models.

Table 4. Test conditions for the influence of different rubbing modes on crack initiation.

Rubbing Mode Sr (mm) Vr (um/s) Sa (mm) Va (um/s)  Number of Blades

Ra 0.5 50 - - 5
Ai - - 0.5 50 4
Ra-Ai 0.5 50 0.5 50 5
Ai-Ra 0.5 50 0.5 50 3
Ra&Ai 0.5 50 0.5 50 2

In order to determine the experimental parameters, a blade was used to test the
rubbing condition in the Ra-Ax before test. The incursion rate was 20 um/s, 50 pm/s,
65 um/s, 80 pm/s, and 100 pm/s when the incursion depth was 0.5 mm, and the incursion
depth is 0.1 mm, 0.2 mm, 0.3 mm, and 0.5 mm when incursion rate was 10 um/s. The
situation and the incursion depth of 0.1 mm, 0.2 mm, 0.3 mm are not easy to produce cracks,
the incursion rate at 65 um/s, 80 um/s, and 100 um/s is too large, and the severe friction
between the fin and the honeycomb makes a layer of filings adhere to the fin tip and both
sides of the fin, as shown in Figure 7, which affects the initiation of cracks. Figure 6 is
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located in the box shown in Figure 7. Therefore, the incursion depth is 0.5 mm and the
incursion rate is 50 pm/s. In this paper, the surface corresponding to the honeycomb is
called the fin tip, the two adjacent surfaces of the fin tip surface are called the side, and
the surfaces at both fin roots of the labyrinth seal fin are called the fin root, as shown in
Figure 8.

Figure 7. Wear of labyrinth seal fin under high incursion rate.

Upper fin

Lower fin

\

Figure 8. Definition of each face of the labyrinth seal fin.

The rubbing speed, radial/axial incursion rate, and incursion depth in the rubbing
process are guaranteed to be constant through the radial feeding platform and axial feeding
platform, because the incursion depth is 0.5 mm and the incursion rate is 50 um/s, the time
of single incursion is 10 s. The time of Ra, Ax, Ra&Ax is 10 s, and the time of Ra-Ax and
Ax-Ra is the 20 s. In actual experiments, cracks are not necessarily formed in each test, each
rubbing mode has been tested times until cracks are formed. Due to welding problems, it
cannot be guaranteed that the rubbing force and rubbing temperature are the same, and
the maximum difference between temperatures in each mode reaches 60 °C. The number
of blades used in each rubbing mode is listed in Table 4.

3. Test Results
3.1. Effect of Rubbing Mode on Rubbing Temperature and Rubbing Force

The temperature distributions during rubbing are shown in Figure 9a,c,e,g,i. The
measurement location of temperature and force is fin tip, as shown in Figure 8. The
coefficient of friction is about 0.64. Rubbing mainly occurs at the upper fin tip of the lower
fin, while in Figure 9e,g two fins and the blade crown are rubbed against honeycomb due to
the excessive incursion depth (the high-temperature area on the far right in the figure). The
rubbing temperature of the middle part of the fin is lower than the upper fin tip because
the upper fin tip first contacts the honeycomb and cuts off a part of the honeycomb so that
the honeycomb forms a groove with a certain depth; and the gap between the middle part
and the honeycomb increases, and the rubbing depth with the honeycomb decreases, so
the rubbing temperature is also lower than the upper fin tip.
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Figure 9. Temperature and force in the rubbing process. (a) Temperature of ra. (b) Temperature
and force in ra. (c¢) Temperature of ax. (d) Temperature and force in ax. (e) Temperature of ra-ax.
(f) Temperature and force in ra-ax. (g) Temperature of ax-ra. (h) Temperature and force in ax-ra.
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The changes in temperature and force in the rubbing area are shown in
Figure 9b,d,fh,j. For a single rubbing process, with the rubbing process, the rubbing
temperature first rises rapidly, then rises slowly, and then decreases slowly. The reason is
that when the honeycomb and the fin are scraped quickly, a quantity of heat is generated
and the temperature rises rapidly; as the rubbing progresses, the generation and dissipation
of heat in the rubbing area tend to be in dynamic balance, and the rubbing temperature
rises slowly. After rubbing, the fins are out of contact with the honeycomb, and the rubbing
area is slowly cooled under the airflow. The high frequency change occurs in the stage after
rubbing in Figure 9d, because of honeycomb debris rubbing with the fins. At this time, the
rubbing have ended, and the temperature have dropped to 300 °C. It will not affect the
initiation and propagation of cracks.

Compared with Figure 9b,d, under the same incursion depth and incursion rate, the
maximum rubbing temperatures of radial rubbing and axial rubbing both are 611.95 °C.
Since a 25 mm fixed-focus lens is used, the temperature measurement range is 76~612 °C.
When the actual temperature is greater than 611.95 °C, it will display as 611.95 °C. There
are three temperature points of 611.95 °C in radial rubbing and one point in axial rubbing.
However, the maximum rubbing temperature of axial rubbing lasts longer than that of
radial rubbing. The cooling process of radial rubbing lasts longer and the temperature
drops more gently, which can also be seen in Figure 9fh. In general, the temperature
of radial rubbing is more like the “A” type, and it begins to drop when it reaches the
maximum temperature; while the temperature of axial rubbing is more like the “n” type,
which can be maintained for some time after reaching the maximum temperature, and then
begin to decrease. Assuming that the rubbing coefficient in the rubbing process is constant,
the heat flux in the rubbing process only depends on the rubbing speed and rubbing [15].
Because the rotating speed of the honeycomb in the rubbing process is constant, that is,
the rubbing speed is constant, the heat flux only depends on the rubbing force. Radial
rubbing is a completely intrusive process, the contact area and radial force between fin and
honeycomb increase, and the rubbing temperature increases with the increase; when the
incursion reaches a given depth, the contact area, radial force, and temperature reach the
maximum,; after the rubbing, because the fin has invaded into the honeycomb, the cooling
effect of the wind caused by the honeycomb rotation on the rubbing and the grinding area
is affected. In the axial rubbing process, the contact area and radial force first increase.
After the whole fin tip surface of the labyrinth seal fin contacts the honeycomb, the contact
area remains unchanged and the rubbing temperature remains unchanged; After rubbing,
there is a gap between the labyrinth seal fin and the honeycomb, and the wind caused by
the honeycomb rotation can quickly cool the rubbing area.

Comparing Figure 91 h, it can be seen that whether it is Ra-Ax or Ax-Ra, the maximum
temperature of the previous rubbing is higher than that of the next rubbing, and the
maximum temperature of the previous rubbing is similar in both the cases. The maximum
temperature of the latter rubbing is similar in both cases regardless of the rubbing mode.
The maximum temperature of the previous rubbing is similar to that of the corresponding
separate rubbing test. The maximum temperature of radial rubbing is 611.95 °C, and the
maximum temperature of radial rubbing in Ra-Ax is 606.06 °C. In axial radial rubbing,
the maximum temperature of axial rubbing is 611.95 °C with one point. The maximum
temperature of the last rubbing is lower than that of the corresponding separate rubbing
test. The maximum temperature of axial rubbing in Ra-Ax is 529.89 °C, and the maximum
temperature of radial rubbing in Ax-Ra is 528.82 °C. This result is only applicable when the
two rubbing modes are different, when the two rubbing modes are the same, the maximum
rubbing temperature increases with the number of rubbing times.

Comparing Figure 9fh,j, it can be seen that the maximum temperature of simultaneous
radial and axial rubbing is lower than that of single radial and single axial rubbing, and the
maximum temperature of simultaneous radial and axial rubbing is 593.87 °C. The reason is
that the contact is unstable in the contact process, and the contact area is smaller than that
of single radial rubbing or single axial rubbing.
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A comprehensive comparison of Figure 9b,d,f,h,j shows that the radial force is signifi-
cantly greater than the axial force, which is the same as the test results in references [13,22].
Comparing the effects of radial force, axial force, and tangential force on temperature, the
effect of tangential force on temperature is not obvious, which can be seen in radial rubbing
and axial radial rubbing, when the tangential force is maximum, the temperature does not
rise significantly. Under the five rubbing modes, the temperature changes obviously with
the radial force. It can be seen that the temperature increases with the increase of radial
force and decreases with the decrease of radial force. Therefore, the rubbing temperature is
mainly affected by radial force.

3.2. Effect of Rubbing Mode on Wear Morphology

The wear morphology of the fin tip surface of the labyrinth seal fin after rubbing is
shown in Figure 10. The rubbing position and direction are shown in Figure 10a. The fin tip
surface of the labyrinth seal fin scraped radially has obvious circumferential scratches, and
the fin tip surface of the fin scraped axially is relatively smooth without obvious scratches.
There are circumferential scratches on the fin tip surface of the fin with Ra-Ax, but weaker
than the Ra. A possible reason is that part of the circumferential scratches formed first is
removed by axial rubbing. There are obvious circumferential scratches on one side of the
fin tip surface of the labyrinth seal fin with axial radial rubbing, and one side is relatively
smooth. The reason is that the height of fin tip is inconsistent due to axial scraping. The
higher part is scraped radially to form obvious circumferential scratches, while the lower
part is not affected, so it is relatively smoother. There are slight circumferential scratches on
the surface of the fin rubbed at the same time in the radial and axial directions, but there is
no smooth surface, and the surface is mottled and inconsistent in height.

oo
)

(@) (b) (c) (d) (e) ()
Figure 10. Wear morphology of labyrinth seal fin after rubbing. (a) Schematic diagram of fin tip
shooting position and direction. (b) ra (c) ax (d) ra-ax (e) ax-ra (f) ra&ax.

3.3. Effect of Rubbing Mode on Crack Initiation

The crack morphology of the fin tip surface of the labyrinth seal fin obtained by the
five rubbing modes is shown in Figure 11. The rubbing position and direction are same as
Figure 10a. Cracks are initiated at the junction of the fin tip surface and the side surface.
Among them, Ra, Ra-Ax, Ax-Ra, and Ra&Ax at the same time produce multiple parallel
cracks, most of which are straight lines, and only one crack is generated by Ax. Moreover,
the crack direction is axial, i.e., perpendicular to the sliding direction, which is consistent
with the results of the literature [21]. In addition, there are circumferential cracks on the fin
tip surface of two Ra and one Ax-Ra, that is, cracks parallel to the sliding direction, which
may be due to the excessive temperature in the middle of the fin tip surface. The length of
these cracks along the axial direction is different. All cracks do not penetrate the fin, and
most of them do not expand radially on the side. Only two cracks expand radially by less
than 50 um. The reason is that only one rubbing is carried out, and the thermal stress is not
enough to cause further crack propagation. According to the length of the crack, it can be
considered that the crack should expand axially on the fin tip surface under the action of
rubbing. At the same time, cracks are extending radially on the side.
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Figure 11. Cracks on the fin tip.

The crack morphology on the side of the labyrinth seal fin obtained by the five rubbing
modes is shown in Figure 12. The rubbing position and direction are shown in Figure 12a.
Radial cracks are generated at the junction of the fin tip surface and the side, in zigzag
shape, which is different from the crack morphology on the fin tip surface, and the length
of the crack along the radial direction is different. Only the cracks in axial radial rubbing
mode propagated axially on the fin tip surface, while the cracks in other modes did not
propagate axially. The reason is that only one rubbing was carried out, and the thermal
stress is not enough to cause the further propagation of the crack.

Axial direction

slinding direction

Radial direction

Upper fin

(@) (b) (©) (d) (e) ()

Figure 12. Cracks on the side. (a) Schematic diagram of side shooting position and direction. (b) ra
(c) ax (d) ra-ax (e) ax-ra (f) ra&ax.

The longest crack measurement is selected for each scraping mode, and get the influ-
ence of rubbing mode on the length of the fin tip and side cracks, as shown in Figure 13. For
the fin tip crack, the length of Ra is 289 pm, 41 um of Ax, 204 um of Ra-Ax, 374 pm of Ax-Ra,
317 pm of Ra&Ax. The crack of Ax is shorter than that of other rubbing modes. The length
of Ra-Ax is lower than that of Ra. The length of Ra&Ax is greater than that of Ra, and the
crack of Ax-Ra is the longest. It is known from the above that the maximum temperature
under the five modes is similar, and the influence of rubbing force on crack initiation can be
ignored. Comparing the distribution of temperature and force of the five rubbing modes, it
can be seen that except for Ra&Ax, the maximum rubbing temperature is similar, and the
time required for temperature rise is similar, which is about 5 s. The main difference is the
time for maintaining the maximum temperature and the process of temperature decreases,
in which the process of temperature decrease can be seen as a linear decrease. The total
cooling time of Ra is 34 s, and the decrease rate of temperature with time is 13.63 °C/s. The
total cooling time of Ax is 8 s, and the decrease rate of temperature with time is 66.96 °C/s.
In Ra-Ax, the radial cooling time is 13.4 s, the decrease rate of temperature with time is
39.54 °C/s, the axial cooling time is 7.4 s, and the decrease rate of temperature with time is
63.05 °C/s. In Ax-Ra, the axial cooling time is 4.45 s, the decrease rate of temperature with
time is 98.42 °C/s, the radial cooling time is 24.12 s, and the decrease rate of temperature
with time is 18.40 °C/s. The total cooling time of Ra&Ax is 6.4 s, and the decrease rate
of temperature with time is 79.47 °C/s. The reason for the short crack length under axial
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rubbing is that the temperature drop rate is large and the crack could not have enough time
to expand. The radial rubbing temperature of Ra-Ax is about 300 °C for 3 s in the decline
process. The reason why the length of Ra-Ax is lower than that of radial rubbing is that
the continuous temperature of 300 °C in the radial rubbing stage leads to the reduction
of thermal stress and cannot maintain the further expansion of cracks. The reason for the
longest crack length in Ax-Ra is that a short crack is first produced in axial rubbing, and
then it expands rapidly in the process of temperature drop in radial rubbing. The reason
why the crack length of axial and radial simultaneous rubbing is small is that the maximum
rubbing temperature is low.

®  Crack length on fin tip Temperature drop rate
® Crack length on side A Wear time
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Figure 13. Length of cracks on the fin tip and side.

For side cracks, the crack length of Ra is 436 um. The crack length of Ax is 786 um.
The crack length of Ra-Ax is 780 um. The crack length of Ax-Ra is 659 um. The crack length
of Ra&Ax is 393 um. It can be seen from Figure 8 that the reason why the crack length of
Ax-Ra is lower than that of Ra-Ax is that the final falling temperature in the axial rubbing
stage is high, and the reason why the crack of Ra&Ax is the shortest is that the maximum
rubbing temperature is low. The reason why the crack of Ax is longer than that of radial
rubbing is not clear, and further experimental research is needed.

Based on the above analysis, it can be concluded that radial rubbing mainly affects
the initiation of fin tip cracks, axial rubbing mainly affects the initiation of side cracks, and
simultaneous axial and radial rubbing could counteract part of the effect. The fin tip cracks
and side cracks are formed at the junction of the fin tip surface and the side. The fin tip
crack extends along the axial direction and is mainly affected by the falling rate of rubbing
temperature, and the side crack extends along the radial direction.

4. Conclusions of Testing

In this paper, the effects of five rubbing modes on the initiation of labyrinth seal fins
are studied by experimental method. The conclusions are as follows:

(1) Radial cracks will be formed on the fin tip and side of the fins under five rubbing
modes, and the cracks are formed at the junction of the fin tip and side. The cracks
on the fin tip surface of the fins extend in the axial direction, and the crack shape is
mostly straight and parallel to each other. The cracks on the side extend in the radial
direction, and the cracks are in the shape of crack-like.

(2) Under the five rubbing modes, the value of radial force is significantly greater than that
of axial force. The effect of tangential force on temperature is not obvious. When the
tangential force increases rapidly, the rubbing temperature does not increase significantly.
The temperature is mainly affected by radial force. The rubbing temperature increases
with the increase of radial force and decreases with the decrease of radial force.

(3) The maximum rubbing temperatures of radial rubbing and axial rubbing are equal,
which is 611.95 °C. When the two successive rubbing modes are different, temperature
of the latter can be lower than that of the corresponding individual rubbing model.
The maximum temperature of axial rubbing in Ra-Ax is 529.89 °C, and the maximum
temperature of radial rubbing in Ax-Ra is 528.82 °C. The simultaneous radial and
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axial rubbing and grinding will inhibit each other, and the rubbing temperature
is 593.87 °C.

(4) There are obvious circumferential scratches on the fin tip surface of the fin scraped
radially, and the fin tip surface of the fin rubbed axially is relatively smooth. Radial
rubbing mainly affects the initiation of fin tip cracks, and axial rubbing mainly affects
the initiation of side cracks. The crack in fin tip is mainly affected by the decreasing
rate of rubbing temperature.
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