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Modern aeroengines employ labyrinth seal systems to seal the clearance between the blade tip and surrounding
engine casing. Understanding of the wear mechanism between labyrinth fins and abradable coatings on the
casing is necessary to help the aeroengine achieve higher efficiency. In this study, multiple tests with different
types of fin geometries are conducted on a high-speed test rig with a fin tip speed of 100m/s. Two motorized
stages are used to simulate the axial movement of the labyrinth fin in an aeroengine. The wear mechanism is
investigated over a range of incursion rates from 2pm/pass to 10pm/pass, with in-situ force and temperature

measurements along with high-speed imaging recorded on the side in each case. The surface examination of the
wear track is also employed by using microscopy post-test. The main abradable material removal mechanism is
extruding from the fin side. Also, adhesion of abradable material to the fin is found in each test and the adhesion
amount is affected by both fin geometry and incursion rate.

1. Introduction

Previous studies conducted into the material removal mechanism
present in a radial fin / abradable liner seal, used at various points of an
aero-engine, have focused on radial incursion events [1-4]. In some
cases, this contact has been investigated by considering a single short fin
segment incurring into an abradable sample, whereas in others a fully
circumferential fin has been utilised. In all of these studies, displacement
of material as opposed to fracture has been identified as the dominant
material removal mechanism, representing a markedly different mate-
rial removal regime to that seen for interactions between compressor or
turbine blades and abradable liners. Recently, the influence of fin ge-
ometry on the material removal mechanism was also investigated,
where it was determined that whilst the arc length of the fin did indeed
change the wear process, material displacement was still the dominant
mechanism.

As noted, fins are used at various stages of the engine in combination
with abradable liners to create seals. Common examples include on the
shaft as a continuous circumferential ring, or where they are mounted as
individual segments onto the end of turbine blades forming a continuous
circumferential seal in concomitance. Whilst previous testing of fin seal
systems has focused on radial incursion events, axial motion of the fin
into the abradable is also a frequent occurrence. Such events happen as a
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consequence of changing axial airflow rates, leading to the turbine disc
assembly moving in the axial direction. Similarly, in the event of bearing
cross overs as a consequence of forces developed during specific flight
manoeuvres, axial motion of the turbine is again developed, leading to
axial fin seal incursion events. In this latter case, engine data suggests
that a typical turbine fin can move at a rate of 1.5mm/s, or the equiv-
alent of 10 microns per revolution considering the test rig used to
investigate fin seals previously [1]. Fig 1 shows an example of a fin seal
contact subject to axial motion, where the fin first moves radially into
the liner, following a path investigated in multiple previous studies [1,5,
6], before progressing in the axial direction. In this latter case (Fig 1c),
the fin makes contact with the side of the groove generated by the radial
incursion, resulting in significantly different contact mechanics to that
investigated previously.

Previous research on the material removal mechanism in the fin —
abradable contact, focusing on radial incursion events, has identified
extrusion of the abradable material as the dominant wear mechanism
[2], along with a limited amount of compacted material either peeling
away from the rub track or rebounding behind the contact [1]. Addi-
tionally, a more recent study focused on the role of fin geometry (a single
discrete fin, a fin segment and a circular continuous fin), and highlighted
that it influenced the severity of the wear event [6]. Given the changes in
wear demonstrated with the changes in fin geometry, it is therefore
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Fig. 1. Fin axial movement a) vertical incursion, b) axial incursion and c) end
of axial incursion

likely that the axial incursion generates a further change in behaviour,
given that the contact is no longer occurring on the fin tip. Compared to
the radial incursion, the fin-abradable contact area is much larger during
axial incursion events. Additionally, due to the fin section geometry, the
point at which contact stresses occus is now on the side, with orientation
of the resultant force also broadly aligned with the incursion direction.
As such, exploring material removal in axial rubs is of interest, not least
given their relatively frequent occurrence in aero-engines, in order to
understand the contribution of axial motion to overall fin wear and
hence sealing efficiency.

In order to investigate axial incursion events, a new motorised mi-
croscope stage and a purpose built stage holder were used to create axial
movement on an existing abradables test platform [7]. The tests were
conducted using the procedure as previously detailed for investigating
discrete fin samples [1], with the addition of a high frame rate camera at
the side of the test rig to investigate extrusion of material from the worn
groove during the rub event. By analysing the forces and temperatures
developed during the rub, as well as the fin and abradable profile
changes, along with inspection of the worn samples post-test, the
abradable material removal mechanism of the fin with axial movement
was investigated.

2. Methodology
2.1. Test rig

The test rig used in this study was developed from the original
incursion test rig proposed by Stringer [7]. Fin samples are mounted
within a disc, which is driven by a high speed grinding spindle (GMN
HSP-120g, GMN Paul Miiller Industrie GmbH & Co. KG, Niirnberg,
Germany). In its simplest arrangement, a single active fin is mounted
within the disc in order to perform a test, with a shorter dummy fin
included 180 degrees opposed to the test fin for balancing purposes. The
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maximum operating speed of the spindle is 21000RPM, meaning the test
arrangement has a maximum blade tip speed of 200ms!. The motion of
the abradable sample is controlled by a single axis motorised microscope
stage (OSMS80-20ZF-0B, Sigma Koki Co. Ltd., Tokyo, Japan). The mi-
croscope stage moves up and down to simulate the radial incursion
process and operates between 0.1 and 2000 pms-1, in order to control
the test incursion rate from 0.02um/pass to 2um/pass. Another
single-axis motorised microscope stage (OSMS20-35(X), Sigma Koki Co.
Ltd., Tokyo, Japan) was added to the test arrangement in order to
facilitate axial movement, enabling axial incursion rates between 1 to
12pm/pass with a total movement range of 35mm to be achieved. Both
of the motorised microscope stages are controlled by a dual-channel
stage controller (SHOT-202, Sigma Koki Co. Ltd., Tokyo, Japan). The
stage controller has two individual channels, so that the two microscope
stages can be controlled individually in order to simulate an axial
incursion event. It should also be noted that at present, due to limits in
the stage controller software, only one stage can move at a given time.

A schematic diagram of the sensor system on the test rig is shown in
Fig 2. As shown, the instrumentation includes an image capture system
containing a CCD camera (Basler acA1600-60gm, Basler AG, Ahrens-
burg, Germany) focused on the abradable sample surface during a test
(Fig 3), with the aim of identifying extrusion of material from the con-
tact. In order to improve the quality of the images recorded, the camera
uses a stroboscopic approach [8] with an LED array mounted opposed to
the camera and triggered using a light gate. As shown in Fig 2, the light
gate is interrupted by a metal arm mounted on the end of the rotating
disc, and once triggered results in the LED emitting a short duration-high
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Fig. 2. Schematic diagrams of equipment used for an axial movement test



B. Zhang et al.

energy pulse in order to illuminate the rub track. A strobe controller sits
between the light gate and LED, providing the appropriate power to the
LED, as well allowing a delay to be added in order to accurately time the
pulse. The CCD camera records three to four exposures per image, with
the composite image aligned as a consequence of the stroboscopic
approach. Additionally, a web camera is also included in the imaging
system in order to monitor the rub, and visually capture if any sparks are
emitted from the contact. Aside from the image capture system, the test
set-up also includes instrumentation to measure forces and temperatures
as a consequence of the incursion event. As the Figure shows, a three axis
dynamometer is mounted underneath the abradable sample (Type
9327C, Kistler Instruments Ltd., London, UK), and is capable of
measuring forces in the range of +4kN. Raw signals from the dyna-
mometer are then passed to the control computer via a charge amplifier
(Type 5070A, Kistler Instruments Ltd., London, UK), where all mea-
surements made during the incursion event are recorded on a common
time base using a purpose built Labiew Vi (Labview, National In-
struments, Newbury, UK). Finally, the temperature of the rub is
measured using a pyrometer (Thermometer CTLaser M3, Micro-epsilon,
Koenigbacher, Germany) focused on the abradable at the contact point
between the fin and abradable, in the middle of the arc of contact.

2.2. Test samples

Fig. 4a-c show the three different fin shapes used in this study. As
shown, the fins used to consist of a fin segment with a 95mm radius that
is joined together with three others to form a complete ring, a fin
segment that is used in a pair and a single discrete fin. These fins are
similar to those used in a previous study to investigate contact geometry
[6]. Fig. 5 shows each of the fin geometries mounted within their
respective test discs. As shown, when two segments are used, they are
mounted 180 degrees opposed for balancing, resulting in two fin con-
tacts with the abradable per revolution, each 90 degrees in arc length. It
should also be noted that the single discrete fin has a radius of 90mm,
and is thus matched to the curvature of the disc within which it is
mounted. In all cases the fin samples were manufactured from stainless
steel (type 304).

Fig. 4d shows the abradable material used in this study. The abrad-
able used is Metco™ 601NS (labelled as M601NS in this paper) with an
R15Y hardness of 79-82, when measured using a Rockwell Superficial
Hardness Tester. M601NS is an aluminium silicon polymer (AlSi-Poly-
mer) abradable and is produced by plasma sparaying a powder of
polyester particles which have been blended with AlSi particles, in this
case at a rate of 60g/min. It is typically used with titanium alloy, nickel
alloy and steel blades at low temperatures (up to 325°C) [9], and the
datasheet provided by the manufacturer [10] suggests the M601NS has
high abradability, high oxidation resistance and thermal shock

a) 95mm radius

£) 90mm radius

Round edge

20mm
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resistance up to 345°C. As detailed in the figure, the abradable material
is thermally sprayed onto a square steel plate to a nominal thickness of
3mm.

As noted, stainless steel has been used as the fin material in this
study, and its selection for use against an aluminium-silicon based
abradable such as M601NS is relatively uncommon. Indeed, M601NS is
typically used in conjunction with titanium alloy-based fins in low-
temperature aero-engine applications, where titanium is used to save
weight given it has sufficient material properties at such temperatures to
achieve a good working performance. However, as noted in previous
studies into fin geometry, titanium fins also tend to experience thermal
wear [1], with this influencing the material removal mechanism from
the abradable. As such, stainless steel has been chosen for the fins in this
case given its higher thermal conductivity [11,12], in order to primarily
focus on the mechanism through which the abradable breaks down
based on the axial incursion event, with future testing planned with
alternative fin materials, once the method of abradable material release
is identified.

2.3. Test procedure and test parameters

All incursion tests conducted in this study were undertaken following
the same test procedure. After attaching the fin and abradable to the test
rig, a datum was established by touching the fin onto the top of the
abradable sample, and the abradable was then retracted a distance of
500 microns. With the sample retracted, the test was then controlled
using the Labview software, whereby the spindle and instrumentation
equipment is first initiated, and with the spindle at the programmed test
speed, the abradable then incurred into the fin using the stage. In the
case of the axial incursion tests presented in this study, there are two
movements of the stage assembly in a given test. Firstly, the fin radially
incurs into the abradable, before a second movement takes place in the
axial direction.

Tests were performed at a blade tip speed of 100m/s, with this speed
chosen as it has previously been identified that engine representative
wear mechanisms occur in this case, and it is also suitable for accurately
imaging the material removal from the abradable [6]. In all cases the
radial incursion was performed at a speed of 310pm/s, with this repre-
senting an incursion rate of 2um/pass for the single fin, and reflective of
rates seen in running and handling of the engine, where axial events
such as bearing crossovers also occur.

As previously mentioned, the maximum anticipated axial movement
rate from a bearing crossover event is approximately 10pm/pass, when
quantified in the context of this test rig with a single discrete fin
employed. Therefore, a series of tests were performed for each fin type at
varying axial incursion conditions up to the maximum identified. For the
single fin this range was 2-10 um/pass, which converted into incursion
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Fig. 4. Three different fin samples, a) whole-ring fin, b) segmental fin, c) single discrete fin and d) abradable
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Fig. 5. a) whole-ring fin disc, b) Segment fin disc and c) discrete fin disc used in this study

speeds of 310, 620, 930, 1240, 1550pm/s, which were used in all tests
(Table 1). Each test was repeated four times, and average measurements
of wear, force, and temperature established in each case. Post-test, fin
samples were imaged, and in the case of fin segments subsequently re-
used. In this latter case, fin segments were first inspected for
damaged, and then refurbished to remove any adhesions prior to re-use.
If damage was determined, the fin segment was replaced.

3. Results

In this section the results from the various incursion tests are
detailed. This includes post-test inspection of the fin and abradable
samples, processed data for contact force and temperature measured
during the incursion, and stroboscopic imaging of the abradable mate-
rial being removed from the rub track. Force and temperature results
were post-processed as previously detailed [1], with results plotted for a
given test as a function of time. Whilst typically in-situ force and tem-
perature measurements are plotted against cumulative rub length,
reflecting the work done by the fin seal, in this instance time was used
given the varying levels of circumferential engagement of the different
fin designs, as well as the fact the same amount of material was removed
in each case.

3.1. Abradable and fin samples post-test

The inspection of abradable and fin post-test provides a direct
measure of the wear experienced by the respective bodies in contact.
Fig. 6 shows the abradable and fin samples post-test, where for the fin
segments the imaging is focused on regions of interest where wear
occurred. Specifically, in the fin images the leading edge is on the left
hand side of the image, and the top surface as shown, is the surface that
makes contact with the abradable during the axial incursion event. It
should also be noted, that in Fig. 6 the fin is moving from left to right
with rotation across the surface of the abradable sample, and from the

Table 1
Test matrix for axial movement test

top to the bottom during axial movement.

Fig. 6a-e show the abradable and fin post-test for all tests undertaken
using a single discrete fin. As shown in the figures, the abradable ma-
terial adheres onto the face of the fin for all of the axial incursion rates
investigated. Fig. 7 shows an enlarged image of the fin from the test at an
axial incursion rate of 620um/s, where it can be observed that the
adhered material is concentrated on the leading and trailing edges of the
fin, with more limited evidence of adhesion in the centre of the fin. This
coverage was found to progress with axial incursion rate, and indeed for
the test performed at 1240pm/s, adhesion was found to be present all
the way across the face of the fin. The images of the wear scar on the
abradable in Fig. 6a-e, also show a variation in the groove width and
length. As shown by the figures, for the single fin the wear scar decreases
in width and length with axial incursion rate, following the trend of
changes in adhesion with incursion rate seen for the fin. As described in
the previous study [1], the groove length is dependent on the maximum
fin length during the incursion, with the reduction witnessed as a
consequence of fin wear. Similarly, the groove width is dependent on the
surface of the fin and the adhesion or wear that occurs on it, with the
reduction in width observed with axial incursion rate, indicative of
adhesion and wear via the mechanism detailed. In order to further
characterise the observed changes in groove width with axial incursion
rate, the average width of the wear scar on the samples was measured.
As shown by Fig. 8a, the groove width is greater than the expected value
in all cases as a consequence of adhesion, with the value dropping with
axial incursion rate, where the expected value has been calculated using
the fin geometry (thickness) combined with its axial distance of travel.

Fig. 6f-j show the abradable and one of the fin segments, from the
tests performed with two fin segments 180 degrees opposed. As noted,
the images of the fin samples are focused on areas of interest, where
either thermal damage or adhesion could be observed. As the figures
show, whilst adhesion is still evident, it is patchy when compared to the
single fins discussed previously, and has a more limited correlation with
axial incursion rate. One result of particular interest to note is shown in

Fin Shape Tip Speed [m/s] Radial Incursion Speed [pm/s] Radial Incursion Depth [pm] Axial Incursion Speed [pm/s] Axial Incursion Depth [pum]
Single discrete 100 310 2000 310 2000
Single discrete 100 310 2000 620 2000
Single discrete 100 310 2000 930 2000
Single discrete 100 310 2000 1240 2000
Single discrete 100 310 2000 1550 2000
Segment 100 310 2000 310 2000
Segment 100 310 2000 620 2000
Segment 100 310 2000 930 2000
Segment 100 310 2000 1240 2000
Segment 100 310 2000 1550 2000
Whole-ring 100 310 2000 310 2000
Whole-ring 100 310 2000 620 2000
Whole-ring 100 310 2000 930 2000
Whole-ring 100 310 2000 1240 2000
Whole-ring 100 310 2000 1550 2000




B. Zhang et al.
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Fig. 6. Abradable and fin profile after test, single discrete fin with axial incursion speed of a) 310um/s, b) 620pm/s, ¢) 930um/s, d) 1240um/s and e) 1550pm/s;
segment fin with axial incursion speed of f) 310um/s, g) 620pm/s, h) 930um/s, i) 1240pm/s and j) 1550pm/s and whole-ring fin with axial incursion speed of k)

310pm/s, 1) 620pm/s, m) 930pm/s, n) 1240um/s and o) 1550pm/s

\

Adhered
Abradable

Fig. 7. Enlarged fin tip of test single discrete fin, 620pum/s

Fig. 6g, for an axial incursion rate of 620um/s. As the image of the
sample shows, thermal damage occurs on both the fin and in the wear
track on the abradable, with this damage evident on the abradable
approximately half way through the test, as indicated by the marked
discolouration of the sample. This result appears to be an anomaly, as
thermal damage does not occur to a similar degree on either the pre-
ceding or subsequent tests or on any of the other repeat tests at this
condition, and will be investigated further in the following sections.
Fig. 8b shows the measured wear scar width for the tests with the fin

segment. As shown in the Figure, adhesion once again influences the
wear scar, with significant levels of overcutting occurring for almost all
axial incursion rates investigated, and indeed typically to a higher level
than that seen for a single fin test at a comparable incursion condition.
As noted, the width of the wear scars whilst still correlated with incur-
sion conditions, shows increased variability test to test, with the widest
scar occurring for the test at 620pm/s, once gain though, the shortest
scar does occur at the highest axial incursion rate investigated. This
result suggests that with the fin segments, adhesion is still likely linked
to incursion rate, but at the same time is also more transient, leading to
the variation in wear scars seen. Finally, this view is also supported by
inspection of the samples, where multiple sites of broken off adhesions
are evident (Fig. 6).

Finally, Fig. 6k-o show the abradables and fin segments for the tests
where four fins are combined to form a single continuous fin around the
circumference of the test disc. Measurement of the width of the wear
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Fig. 8. Wear groove width for tests with single discrete fin, segment fin and whole-ring fin

scar on the abradable are similarly shown in Fig. 8c. As shown in Fig. 6k-
o, adhesion is once again evident on the surface of the fin sample, with a
reduction in groove width occurring once again with axial incursion
rate, although at a reduced rate. This fact is evident when comparing the
width of the wear scars shown in Fig. 8c, where the bar chart is flatter
when compared to the other fin types. As was previously seen when two
fin segments were tested, adhesion has led to wider wear scars than seen
for the single fin segment, but variation between conditions is now
reduced.

3.2. Force and temperature

In this section the force and temperature measurements recorded
during the incursion events are detailed. As discussed previously, forces
are measured in three directions, radial to the contact in the direction of
the vertical incursion, tangential to the contact following the rotary path
of the fin, and finally axial in the direction of the axial incursion. Axial
forces are not reported for the vertical incursion, as they fluctuate
rapidly in this case as the tapered fin interacts with the abradable ma-
terial. As shown in the schematic diagram in Fig. 9a, along with the
corresponding example force trace (Fig. 9b), as the fin vertically incurs,
axial force components are developed on both faces of the fin. Whilst
these might be expected to balance, resulting in zero net force, the re-
ality is these forces vary rapidly, as do the other force components,
depending on adhesion to the fin, and extrusion of material from the
contact [1]. As such, these results are not included, as they are prone to
significant fluctuation, and for the current time scale of measurement

a)

Axial force
P
Pt
Axial force

bt

bt

Radial force

of
travel

Abradable ®

Direction

have no practical significance. Conversely, a single direction axial force
component occurs during the axial incursion event, and values are re-
ported. Since axial force is not reported in vertical incursion and all test
condition are the same between each test during vertical incursion, all
three force components are presented only during the axial incursion.
Fig. 10 shows the force and temperature measurements for the test
with the single discrete fin, where the radial incursion ends after
approximately seven seconds, and the axial incursion then begins.
Whilst the primary focus of this study is on the forces and temperatures
developed in the axial component of the rub, it is also worth noting that
values are within the expected range for the radial component of the
incursion [1], and subject to the variation typically seen in abradable
material - seal fin interactions. Going back to the axial component of the
incursion, as the processed results in Fig. 10 show, axial and radial forces
are largest and similar in value, followed by lower tangential forces. As
shown in the Figure, forces are cyclic in nature, indicating a periodic
material removal mechanism, with changes in value occurring rapidly
resulting in the force data appearing tightly packed. Periodic spikes in
temperature also occur, where it should be noted that the threshold for
the pyrometer is 150°C. As expected, the duration of the axial incursion
varies with time, decreasing progressively as the axial rate rises.
Comparing across the incursion rates, the Fig. 10 also shows that axial
forces rise in line with the incursion rate, with normal and tangential
forces more stable. Temperatures appear to show no correlation with
axial incursion rate, and are broadly similar in all cases investigated.
Fig. 11 shows the force and temperature measurement recorded with
the fin segment. As shown, a similar pattern to as seen with the single fin
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Fig. 9. schematic diagram of corresponding force in vertical incur and b) example axial force result (whole-ring fin, axial incursion speed 930pm/s)
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Fig. 10. In-situ force and temperature results, single discrete fin with axial incursion speed of a) 310pm/s, b) 620pm/s, ¢) 930um/s, d) 1240um/s and e) 1550pm/s

occurs, with higher radial and axial forces, followed by lower tangential
forces. Overall magnitudes are also not dissimilar to the case of a single
fin. However, whilst in the case of the single fin this ordering was clear,
the tangential force is now closer to the other two components. Tem-
perature spikes are also less significant in magnitude, although it does
appear that temperatures above the 150°C threshold of the pyrometer
are recorded more frequently. Finally, whilst for the single fin a corre-
lation was established between axial force and incursion rate, whilst still
the case, as for wear scar width, this correlation is reduced, with
increased variation observed. Additionally high radial forces are recor-
ded in Fig. 11b for the anomalous test performed at an axial incursion

rate of 620pum/s, aligning with observations with respect to the wear
mechanism for this test.

Finally, Fig. 12 shows the force and temperature measurements from
when four segments were joined together to form a continuous fin
around the circumference of the disc. As shown, forces are generally
lower than for the single fin and fin segment, and also with weak cor-
relation to incursion rate. Variation between axial incursion conditions
is now reduced, and it is noticeable that a reduced number of spikes in
force and temperature occur. As has been the case for the other two fin
geometries investigated, radial and axial forces are also once again the
largest, with radial forces dominating more routinely in some cases.
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Fig. 11. In-situ force and temperature results, segment fin with axial incursion speed of a) 310pm/s, b) 620um/s, ¢) 930pm/s, d) 1240pm/s and e) 1550pm/s

Fig. 13 shows the maximum and average forces for all of the tests
performed, along with maximum temperature values. It should be noted
that average temperatures are not included, as the measurement
threshold for the pyrometer is 150°C, and recorded values frequently fall
below this value making the average mis-leading. As such, only
maximum values have been included. As has been detailed in the pre-
ceding section, radial and axial forces are the largest in the axial
incursion event. The Figure also clearly highlights the limited correla-
tion between forces and axial incursion rate for the fig segment and
whole ring tests, with this particularly evident from the average force
results. Whilst it is not surprising that axial forces are large given the

nature of the incursion, it is interesting to note radial forces are similar
in value. However, given the angled nature of the fin, and the fact radial
force has previously been linked to removal of material from the bottom
of the worn groove in previous studies [1], this result is not surprising.
Indeed, it suggests that extrusion and removal of material by the fin from
this region is still a significant component of the wear mechanism. In
particular, the result for the continuous fin supports this view, where the
most rubbing occurs, given the continual nature of the contact.
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Fig. 12. In-situ force and temperature results, whole-ring fin with axial incursion speed of a) 310pm/s, b) 620pm/s, ¢) 930um/s, d) 1240um/s and e) 1550pm/s

3.3. Wear grooves surface microscope copies

Fig. 14 shows microscope images taken from the wear scars on the
abradable sample. In the figures, the fin moves from left to right with
rotation of the disc, and from the top to the bottom of the image during
the axial incursion. As shown in the figures, for all fin samples investi-
gated, at all axial incursion conditions, similar variability in the surface
of the wear scar exists. In some instances, material appears fractured and
well cut with light pitting, and in others is extruded to form a surface
layer on the abradable. In this latter case, at the extreme the extruded
material fractures and breaks away in chips(Figures 14a & g), with this

being similar to the mechanism identified for radial incursions by fins
into an abradable [1]. However, as the scale of the pitting is relatively
small, the overall change in the morphology of the wear scar is limited.
As might be expected, the features identified vary in the axial direction,
and are continuous along the line of fin rotation, with the exception
being where the extruded surface fractures. It is also apparent that the
wear mechanism varies within a given axial incursion event, with pro-
gression from well cut, to extrusion and smearing (with fracture in some
cases), and back to good cutting of the abradable. These changes in wear
mechanism are likely linked to adhesion of material to the fin, as well as
removal of material from the worn groove, and will be discussed further
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later.

Considering the individual fin geometries, Fig. 14a—e show the im-
ages of the wear scars from the single discrete fin. As the images of the
wear scars in the figure show, the morphology of the wear scar indeed
varies, with a gradual reduction in smearing as the axial incursion rate
increases. Overall this is not very significant though, but it is interesting
to note that it is linked with the gradual narrowing in the length of the
wear scar previously noted, and clearly apparent in the images moving
from left to right. Moving to the tests with the fin segments (Fig. 14f-j),
the previously noted variation in wear scar morphology is evident, with
little correlation between degree of cutting and axial incursion rate.
Previously it was noted that significant adhesion occurred in the case of
the test at an axial incursion rate of 620pm/s, with thermal damage also
evident in the rub track. This issue is clearly visible in the image taken
from this test (Figure 14g), where a long wear scar is present, and
extrusion and fracture evident. However, it is also interesting to note
that in the other cases where significant adhesion was evident (1240pm/
s, Fig. 14i), a relatively well cut rub track is evident, and similar to the
other tests for this fin type, where more moderate adhesion and over-
cutting occurred. This suggests that the adhesion that led to the broad-
ening of the wear scar happened early in the rub and then broke away,
and a degree of recovery then took place. Finally, Fig. 14k—o show the
images taken from the abradable samples tested with a continuous fin.
As shown by the results for wear, force, and temperature, this fin type
demonstrated the most consistent behaviour across all axial incursion
conditions investigated, indeed the surface is generally well fractured,
and whilst areas of extrusion do occur, these never progress to the point
where fracture and peeling away of the surface occurs. It can also be seen
from the images that the previous observation that the length of the
wear track is similar in length at all axial incursion conditions is well
supported.
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3.4. In-situ abradable surface image capture

The observations presented so far, suggest that during axial in-
cursions material is able to successfully exit the contact zone. Whilst
clear some level of adhesion to the fins exists, with corresponding in-
creases in force and temperature, along with smearing and fracture of
the run track, an extreme wear evident does not take place. Comparing
back to tests with fins incurring radial into an abradable [1], this sug-
gests material is extruded out of the contact much like occurs at higher
incursion rates, as opposed to the smearing and fracture seen when the
incursion rate is lower. As has been demonstrated previously [1], the use
of stroboscopic imaging focused on material removal from the rub track,
gives good insight into this mechanism.

Fig. 15 shows the images captured with the side camera during the
test, where the time stamps shown in red in the right corner of each
frame, indicate the point in the test from which the image is taken. It
should be noted that due to sparks occurring during the rubs, the image
quality is variable, and in some cases it is difficult to post-process them
as they are overexposed. As such, sequences of images at three different
incursion rates have been selected for each fin type investigated, with
the aim of demonstrating material removal from the contact. In each
case, images are spaced to show how extruded material first develops,
grows in size, and ultimately fractures off. As shown by the images,
abradable material is generally pushed up the side of the worn groove
during the incursion event. Given the fins tapered geometry and the fact
the axial incursion rates investigated are relatively high, this should to a
degree be expected, particularly considering extrusion was evident in
previous studies with single fins at high incursion rates [1,2]. It is also
evident that the level of extrusion, period of growth, and point of break
off is variable. However, given the limited data set and issues with over
exposure, whilst tempting, it is not possible to make firm conclusions
with respect to how this varies with fin type or axial incursion rate.
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Fig. 14. Wear groove microscopies for all test, single discrete fin with axial incursion speed of a) 310pm/s, b) 620pum/s, ¢) 930pum/s, d) 1240pm/s and e) 1550pm/s;
segment fin with axial incursion speed of f) 310pm/s, g) 620pm/s, h) 930um/s, i) 1240um/s and j) 1550pm/s and whole-ring fin with axial incursion speed of k)

310pm/s, 1) 620pm/s, m) 930um/s, n) 1240pum/s and o) 1550um/s;
4. Discussion

From the force and temperature results, alongside imaging of the
worn samples and material removal during the test, insight can be
gained into the material removal mechanism during the axial incursion
event. Following this, the influence of incursion rate and fin geometry
will also be considered.

4.1. Abradable material removal mechanism in axial movement

As highlighted from the images taken of material removal during the
axial incursion event, material is extruded out of the contact, moving up
the interface between the fin and abradable on the side on which the
incursion is taking place, before eventually fracturing off when a critical
length is reached. This process is shown schematically in Steps 1 and 2 in
Fig. 16, where how the angular nature of the fin promotes this
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mechanism is highlighted. From inspecting the fin samples post-test,
adhesion of abradable material to the fin was also evident (Fig. 16,
Steps 3 and 4), with this leading to overcutting (extension of the groove
length in the axial direction). This is a similar result to that seen for low
rate vertical incursions with fins [1], but in this case occurred in the
majority of conditions tested. However, considering the nature of the
contact in the axial contact, and the fact the abradable is now directly
pressed against the side of the fin, it is reasonable that adhesion is more
prevalent. It is also interesting to note that for the discrete fin that
adehesion occurs at its extremities, with this likely due edge effects, as
well as local deformation and non-perfect rotation of the test sample.
Comparing more generally to compressor blade — abradable liner con-
tacts, the volume of adhesion, and indeed the rate it occurred at, was
found to be a function of incursion rate, and whether this is the case for
fins will be investigated further in the following section. Considering the
variation seen in the force results, this process also appears to be highly
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transient, and subject to a significant rate of change within a test.
Observing the troughs of the wear scar created on the abradable,
alongside the force and temperature measurements, gives further insight
into the removal mechanism, and suggest that the material removal
mechanism is not as simple as suggested, and indeed is likely to consist
of abrasive wear, extrusion (creep), as well as compression and fracture.
Given the steep nature of the fin, it might be expected that the axial
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component of the measured force dominates, and the radial component
is significantly smaller. However, as shown by the force results, vertical
forces are still significant, and at times are of a similar scale to those
measured in the axial direction. Indeed, peaks in these radial forces are
found to correlate with spikes in temperature, and smearing of material
in the base of the rub track. Much like in the case of a radial incursion
[1], these observations suggest that some material fails to extrude,
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Fig. 16. Schematic diagram of abradable material removal mechanism with
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becoming smeared on the surface of the rub track, before eventually
being released via fracture. Similarly, as highlighted by fracture in the
abradable wear track, that as well as extruding up the face of the fin,
some material becomes trapped under the fin during the axial incursion,
leading to the aforementioned compaction and build-up of force and
temperature prior to release. This is particularly evident for the test with
the pair of fin segments at an axial incursion speed of 620pm/s, where
clearly an extreme version of this scenario occurs. Finally, abrasive wear
is likely to occur as the blade rubs against the abradable, with damage
observed on both the fin and abradable sample indicative of this.

4.2. Effect of incursion speed & fin type

As noted, in the case of either blades or fins incurring vertically into
abradable systems, the wear mechanisms present tend to be a function of
incursion rate [1,14,15]. In this case, the mechanism is one of adhesion
of material to the fin, followed by fracture. Considering the results for
the single fin shown in Fig. 8a, the level of adhesion does appear to
depend on axial incursion rate, with the most overcutting and presum-
ably highest levels of adhesion occurring at the lowest axial rate. This
result aligns well with those seen for blades incurring aluminium based
abradables where, as the incursion rate increases, adhesion reduces and
cutting occurs. However, given the blunt nature of the fin contact, a
transition to cutting is less likely to occur, and the reduction in adhesion
is more likely due to another factor. The continuous progression of the
axial stage, combined with the short arc length of the fin, means that the
abradable advances significantly while the fin is out of contact. This
results in a significant entry shock, as the fin overlaps the groove in the
abradable on a strike by strike basis, with a degree of cutting likely to
occur in this process. As the incursion rate increases, so does the overlap,
and given its blunt nature, as do the forces associated with it. Conse-
quently, it becomes more likely adhered material from the rubbing
component of the contact is removed, and as such adhesion decreases
with axial incursion rate.

Considering the results for the segments used in a pair (Fig. 8b), and
the whole ring (Fig. 8c) supports this view. For the segments used as a
pair, adhesion is on average higher, shows reduced correlation with
axial incursion rate, and is prone to variability. Given this fin type
spends approximately half of the time rubbing the abradable, compared
to a very small time period for the single fin, it is unsurprising adhesion
increased. However, as non-contact still occurs for half of the revolution
(in two 90 degree arcs), an abrupt entry to contact still persists, and
some correlation between adhesion level and axial incursion rate is seen.
That said, how vulnerable the adhesions are to removal will be depen-
dent on their proximity to the leading edge, with this presumably
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leading to the variations seen in the results seen for overcutting. In turn
this leads to more smearing on the rub track surface. Moving to the
whole ring, adhesions are reduced when compared to the paired seg-
ments, but still higher than that seen for the single fin. Interestingly,
correlation with axial incursion rate is further reduced, and variability is
also decreased. Going back to a previous study [6] on the role of fin
geometry in fin — abradable interactions, it was concluded that whilst
rubbing increased for a whole ring fin, leading to a greater thermal
input, the ability to remove heat from the contact was also enhanced,
due to the continuous nature of the contact. As such, it was shown to
develop lower temperatures in the contact than for a pair of fin seg-
ments, where significant rubbing also occurred [6]. This result goes
some way to explaining the trends seen in this study, where overall
adhesion is lower for the whole ring, driven by lower temperatures in
the contact. This combined with the continuous nature of the contact,
means the adhesion is also both more stable and less dependent on
incursion rate, resulting in the lack of variability and strong dependence
on incursion rate shown. That said, spikes in temperature do still occur
when adhesions build, and it would be interesting as an area of future
work to both fully thermally model the contact, and also measure it
using a thermal camera.

4.3. Abradable material removal efficiency

In the previous section, the role of fin geometry was considered,
where the discrete nature of the contact was observed to have an impact
on the ability of material to adhere to the fin. Specifically, it was iden-
tified that for the single fin, axial progression of the abradable occurred
whilst the fin was out of contact, resulting in significant overlap between
the fin and abradable as contact began, and break off of adhered ma-
terial. Conversely for the whole ring, a continually rubbing contact oc-
curs. Given these differences in interaction between the abradable and
different fin geometries, it is of interest to consider how they impact the
efficiency of material removal. One way to do this, previously employed
for abradable materials [1] and adapted from machining science [16], is
to consider the total energy consumed by the extrusion process. Given
the axial incursion by the fin, this consists of work done in the axial and
tangential directions, calculated using the measured forces combined
with the rub length and incursion depth, and is expressed as follows:

Eroar = Wf +Wi=F.xL+ F)’ x id (@)
where Fy is the average tangential force, L is total rub length, Fy is the
average axial force, and id is the incursion depth. As shown, the Equa-
tion contains two terms, representing the energy consumed during the
rub. The first term is frictional work which is mainly represented by the
measured tangential force, and the second part is work done when
directly removing material, calculated from the axial force.

Fig. 17 shows the total energy consumed in each case, where on
average for a given incursion rate, the energy required to remove the
material is lowest for the single fin and highest for the whole ring.
Although it should be noted that values for the two cases where fin
segments are used, either in a pair or to form a whole ring, have similar
values. This analysis is included given the different fin contacts
considered, in order to explore where they have fundamental influenced
the efficiency of material removal. Going back to machining theory [17]
this is likely due to the fact for the single fin a degree of cutting occurs,
due to the progression of the abradable when the fin is not in contact,
and rubbing dominating for the two tests with fin segments, with a
slightly more extreme case for the whole ring. Looking across incursion
rates, as previously noted when discussing wear mechanics, a degree of
change does occur for each fin type, with an increase in incursion rate
resulting in a reduction in energy consumed. However, as was also noted
previously, this trend is more significant for the single fin. This result is
significantly different to those of radial incursions with fins, where a
pronounced improvement in efficiency of cut with incursion rate was
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observed. For example, for radial incursions with a single fin on the same
abradable as investigated in this study, in order to remove 2mm of
material, 20kJ of energy was required if this was done at 0.02um/pass,
dropping to 1kJ in the case of 2um/pass [1]. Overall, this highlights that
whilst extrusion based, the wear mechanism for axial incursions is
different, with an increase in rate not significantly promoting im-
provements in material removal.

5. Conclusions

This study investigated the abradable removal mechanism for axial
fin rubs, considering both the influence of incursion speed as well as fin
profile on the mechanism. From the work the following conclusions can
be made:

- In a similar manner to vertical incursions, the abradable material is
mainly removed by an extrusion process, with adhesion of abradable
material to the fin also occurring.

- Adhesion of material to the fin resulted in overcutting, and was
found to reduce for a single fin, as axial incursion rate increased.

- Adhesion was greater for the fin segments, either when used as a pair

of whole ring, with reduced reduction with incursion rate.

Moving from a single fin, two more continuous contacts, promoted

increased rubbing, leading to increased thermal effects, seen both in

aforementioned adhesion, and in smearing of abradable material in
the worn groove.

Overall, the angular nature of the fin promotes extrusion of material,

however, it is important to consider the specific nature of the contact

and rate at which it occurs when contextualising results, given the
influence of these two variables demonstrated.
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