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Abstract Thermally sprayed abradable coatings are
essential for enhancing gas turbine engines’ performance,
as they are commonly used for clearance control purposes.
Abradables act as protective barriers between the stationary
casing and rotating blades. However, evaluating the
abradability performance of novel coatings is challenging,
because it is typically very costly and time-consuming.
Thus, the goal of this project is to create a cost-effective
test rig that can evaluate and pre-screen different thermally
sprayed abradable coatings and understand how they
interact with titanium blade tips under application-relevant
conditions. The rig is capable of providing various inputs
and outputs, including blade tip velocity, incursion rates,
incursion depths, reaction forces, and interfacial tempera-
tures. Aiming to validate the rig, a detailed dynamic
evaluation was conducted, as well as abradability tests on
aluminum, thermally sprayed polyester, and AlSi-
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40Polyester abradable coating. The reaction forces for
aluminum and polyester were overall higher when com-
pared to AlSi-40Polyester. However, thermally sprayed
polyester showed the highest interfacial temperatures of all
materials tested. The difference in the reaction forces and
interfacial temperature correlates well with the different
wear mechanisms and thermal conductivities. Overall, the
equipment showed to be a promising pre-screening
methodology to evaluate and develop novel thermally
sprayed abradable coatings.

Keywords abradability assessment - abradable coating -
cost-effective equipment - pre-screening methodology -
thermal spray

Introduction

Abradable materials are frequently used as clearance con-
trol elements within gas turbine engines, to reduce the gap
between rotating and stationary components. Smaller gaps
can lead to higher engine efficiency, reduced power loss,
lower pollutant gas emissions, and environmental costs
(Ref 1-3). However, achieving these benefits requires
abradable materials to be removed smoothly by rubbing
against a more abrasive moving material (e.g. blade),
ensuring that the material wears while the abrasive part
faces minimal wear (Ref 4).

The development of abradable coatings commonly
involves thermal spray processes such as plasma spray,
flame (combustion) spray, and high-velocity oxy-fuel
(HVOF) (Ref 2, 5-7). Such coatings are desired to possess a
relatively low hardness and elastic modulus, facilitating
smooth rubbing without causing significant damage to the
blade tips. Simultaneously, these coatings are also intended
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to have a strong bonding strength as well as be resistant to
corrosion and solid particle erosion. Balancing all these
properties in a single material system is a considerable
challenge, and thus, a typical abradable coating usually
comprises three different phases: a matrix, solid lubricant,
and binder (Ref 8-12). For instance, commercially avail-
able metallic abradables include aluminum-silicon—polye-
ster, aluminum-silicon—graphite, nickel graphite, and
nickel chromium aluminum-bentonite (Ref 13). Further-
more, innovative approaches take advantage of polymer
properties, such as softness and corrosion resistance, which
have led to robust abradable sealing coatings like AlSi +
40 wt.% polyester, aluminum-bronze—polyester, and
MCrAlY-BN-polyester (Ref 14).

Despite substantial research on novel plasma-sprayed
abradable coatings, their assessment is very challenging,
especially regarding their wear resistance (Ref 10-12).
Thus, only a few research groups focus on the wear
mechanisms within abradable coatings—blade tip interac-
tions and the interfacial process under application-relevant
contact conditions (Ref 2, 14). Furthermore, by precisely
assessing coating abradability under relevant conditions,
high-speed abradable test rigs can lower evaluation costs
by reproducing the rubbing processes in aero-engines on a
smaller scale. This simulation replicates the conditions of a
rotating blade inside a stator component to assess the wear
and friction processes between abradable coatings and
blade tips (Ref 14, 15).

Due to the importance of abradability evaluation on
aero-engine applications, some research centers and com-
panies have developed custom-made rig capabilities. A
review of different testing rig facilities is discussed in the
literature (Ref 16, 17). For instance, the Beijing General
Research Institute of Mining & Metallurgy (BGRIMM) has
developed a rig that contains a rotating disk with a single
rectangular plate “bladelet” embedded radially in the cir-
cumference of the disk. The abradable is then moved at a
specific speed into the rotating disk. The rig can be oper-
ated at a range of incursion rates and has the capability to
introduce a hot gas to change the operating temperature of
the rub. The rig is capable of measuring the rub forces
through several force transducers. Similarly, NASA and
Oerlikon Metco have developed abradable testing rigs,
which have the capability to measure a wide range of rub
forces and temperatures (Ref 17). In addition, the National
Research Council Canada (NRC) has also developed a rig
with the capability to have several bladelets installed in the
rotating wheel instead of just one in the rig (Ref 18). More
recently, a sophisticated rig has been developed at Ohio
State University (OSU), which can reach representative
engine diameters and speeds (Ref 19).

Although high-velocity abradable test rigs are effective,
performing tribological assessments on abradable coatings
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is still expensive and time-consuming. They are custom-
made due to specific industrial requirements and testing
conditions that are often kept confidential by aerospace and
military entities. The complexity of these systems, which
requires precise stability, advanced data acquisition, and
stringent safety measures, contributes to their high cost
(Ref 19-22). Consequently, abradability tests can exceed
tens of thousands of dollars per condition, leading to lim-
ited data sets and restricting research to a comprehensive
understanding of materials’ performance and conditions
(Ref 23).

Thus, the primary objective of this research is to design
and develop a cost-effective test rig method that can
evaluate various thermally sprayed abradable coatings and
their interactions with blade tips in an environment relevant
to the aero-engine application. This cost-effective approach
can significantly aid the tribological pre-screening of
thermally sprayed coatings.

Design and Construction of a Cost-Effective
Abradable Test Rig

Rig Overview

The cost-effective abradable test rig provides an efficient
and inexpensive method to evaluate abradable coatings in a
wide range of conditions. It is a low-risk, versatile, and
cost-effective solution for abradable systems compared to
other testing apparatus like high-speed abradable test rigs,
test cells, on-wing, or in situ testing on operating turbine
engines.

This rig aims to bridge the gap between low Technology
Readiness Levels (TRL) using tribological tests (i.e., ball-
on-flat and ball-on-disk) and high TRL with a dedicated
high-speed abradable test rig. It allows a wide range of
thermally sprayed materials to be tested under various
conditions, primarily for pre-screening promising abrad-
able materials before advancing to higher TRLs. This
approach facilitates a thorough initial evaluation, helping
to identify the most promising materials for further, more
detailed, and expensive testing.

The newly designed abradable test rig offers numerous
functional advantages, highlighted in Table 1. This rig
excels in its ability to simulate diverse operational condi-
tions with precision, ensuring reliable data acquisition
crucial for optimizing abradable coating and blade per-
formance. Its pre-screening approach facilitates early
identification of optimal coating candidates, thereby
enhancing efficiency in material assessment and scalability
in industrial applications.

Critical aspects in validating different abradable systems
include determining the rubbing reaction forces, and
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Table 1 Key advantages of the cost-effective abradable test rig

Advantage

Description

Cost-Efficiency

Versatility

Laboratory Simulation
High-Resolution Data
Acquisition

Reliability and Repeatability
Early Issue Detection

Comparative Analysis

Validation of Coating
Performance

Wide Range of Operational
Conditions

Adaptable for Scaling Up to
Higher TRL

Significantly reduces expenses for tribological evaluations, making testing more accessible
(e.g., conducting multiple abradable coating tests within limited resources)

Able to accommodate different blades and abradable materials at different conditions (i.e.,
blades with different geometries and thickness-to-chord ratios)

Capable of simulating gas turbine engine conditions with precise control over key

parameters

Provides detailed measurements of critical parameters like reaction forces and temperature

(e.g., monitoring force fluctuations at each 5 microseconds)

Ensure reliable experiments with reproducible and precise control (e.g., consistent wear

behavior in repeated tests)

Allows early identification of potential coating issues, facilitating prompt adjustments (e.g.

detecting premature coating failure under specific conditions)

Enables side-by-side comparisons of different coatings under identical conditions (e.g.,
evaluating performance between different material compositions or blade materials)

Offers a platform for validating performance and optimizing spray parameters and material
selection (e.g. pre-screening optimal spray parameters in terms of abradability

performance)

Accommodates various operational conditions to mimic different real-world scenarios (e.g.,

testing the effects of varying incursion rates on coating wear)

Facilitates transition to higher TRL for broader industrial and research applications,
enabling larger-scale industrial testing to meet enhanced operational and performance

criteria.

Table 2 Inputs and outputs of the abradable test rig and their descriptions and range of operation

Input parameter Description Range
Blade speed The linear speed of the blade tip at its outermost edge 0-60 m/s
Incursion rates The rate at which the blade penetrates the abradable material 5-500 pm/s
Incursion depths The maximum depth of blade incursion into the abradable material 0-5 mm

Operating temperature

The operating temperature of the abradable material and the blade

Room Temperature

Output parameter

Description

Range

Reaction forces
Interfacial temperature
Blade wear

Transfer

Wear mechanism

Debris characteristics

The resultant rubbing forces created by the blade-abradable interaction
The localized temperatures generated during blade-abradable contact
The measurement of material loss or degradation of the blade

The material transfer from the abradable coating to the blade

The study of the mechanisms by which wear occurs at the blade-
abradable interface

Analysis of debris generated during blade-abradable interactions

Up to 30 kN
Up to 1200 °C

frictional heating temperatures, as well as identifying wear
mechanisms and blade wear under various operating con-
ditions (Ref 11, 24). Therefore, the custom-built abradable
test rig offers a wide scope of inputs and outputs.

Table 2 outlines the abradable test rig’s main inputs and
outputs, along with their corresponding descriptions and
operational ranges. These inputs and the rig’s adaptiveness
allow testing over a wide range of conditions, which can
play a crucial role in simulating real application scenarios

to evaluate the performance of turbine blade systems. In
addition, the outputs obtained from the abradable test
apparatus play a significant role in understanding and
optimizing the performance of abradable materials and
turbine blade systems.

It should be noted that the main limitation of the cost-
effective abradable rig is its restricted blade speed, which is
capped at 60 m/s. This is notably lower compared to the
typical high-speed abradable rig, which can reach speeds of
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300 m/s or even 500 m/s in certain instances (Ref
11, 18, 25-27). Nevertheless, this testing setup is essential
for pre-screening candidate material compositions and
evaluating actual sprayed abradable coatings, facilitating
the optimization of spray parameters. A few authors also
investigated the blade-abradable interaction using simpli-
fied setups, such as ballistic bench (Ref 28, 29), scratch test
(Ref 30), pin-on-disk (Ref 31, 32), single-pass pendulum
scratch test (Ref 27), and adapted high-speed milling
machine (Ref 33). Each of these simplified setups has its
limitations, varying in terms of speed, geometry, and aero-
engine representativeness.

Figure 1 presents a schematic representation of the
blade-abradable interaction. It shows the movement of the
abradable coating toward the rotating blade, resulting in
material removal, adhesive transfer to the blade tip, and
debris formation. Additionally, it highlights some of the
key input parameters for the system, such as the incursion
movement and depth. The incursion movement refers to the
horizontal motion of the abradable material, allowing the
blade tip to penetrate into the material and start rubbing.

Mechanical Layout

Using SolidWorks 3D software, a model of the full
equipment was designed, and it is presented in Fig. 2. The
testing apparatus can be divided into rotational and linear
stages. Regarding the rotational stage, a rotating disk is
connected to a motor providing high tangential speed
during testing. In addition, a dummy blade tip can be
mounted on the disk to simulate a rotating blade in a real
application environment in an aircraft turbine (see Fig. 2b
and 2c). The three-dimensional modeling was generated to
visualize the ultimate product and fine-tune the compo-
nents before the commencement of physical production.
In terms of the blade tip geometry, an equivalent sim-
plified geometry was proposed to mimic the rotor blade—
casing interaction. The cost-effective abradable test rig was

Adhes'\\le
Transfer

Incursion
. Movement

Incursion
Depth 434

Fig. 1 Schematic of the abradable test
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designed to accommodate several configurations depending
on the target thickness-to-chord ratio (t/c) of relevant
application scenarios, as seen in Fig. 2c. In the custom-
built abradable test rig, the chord can range between 5 and
15 mm, and the thickness can range between 0.5 and
4 mm. These values were selected based on conventional
blading techniques proposed by Saravanamuttoo (Ref 34),
which suggests a t/c ratio of 0.1 up to 0.2. Similarly,
Kacker and Okapuu (Ref 35) and Moustapha and Zelesky
(Ref 36) suggest a typical t/c ratio for a blade cross section
ranging between 0.13 and 0.32.

In terms of the specimen size dimensions of the abrad-
able coating, the mechanical design of the sample holders
was engineered to accommodate flat samples with a width
ranging from 20 mm to 30 mm and a thickness from 2 mm
to 10 mm. Since the samples are flat, the length of the
sample is directly related to the expected length of the
rubbing wear track, which is associated with and limited by
the maximum incursion depth (Ref 37, 38). Typically,
abradability tests are conducted with incursion depths
ranging from 0.4 mm to 2 mm (Ref 27, 38, 39). Consid-
ering the blade’s rotational radius (300 mm), the suggested
length of the flat samples varies from 40 to 95 mm,
ensuring additional dimensions for safety.

In order to establish a cost-effective and reliable
approach for evaluating thermally sprayed abradable
coatings, the apparatus was constructed through the inte-
gration of mechanical and electronic components, such as a
rotor, linear guide, stepper motor, and planetary gearbox.
For the rotor, the King KWL-1218VS lathe was selected
for its capacity to vary rotational speed up to 3,800 rpm
(equivalent to 63.3 Hz) and a swing-over bed of 305 mm.
Figure 3a illustrates a photograph of the lathe. In addition,
a 300-mm-diameter stainless disk was machined and
attached to the headstock, resulting in a linear blade speed
of 60 m/s due to the combination of lathe speed and disk
diameter.

A linear slide module integrated with a gear box, stepper
motor, and sample holder was engineered to provide the
linear movement of the abradable material. This setup
facilitates the blade insertion process into the sample,
emulating real-world rubbing scenarios. To achieve a range
on incursion rate from 5 to 500 pm/s, a custom-built
GX120-2505-200 linear guide model equipped with 2
trolleys was designed (Fig. 3b). Also, a commercially
available NEMA 34 stepper motor (generating 12 Nm) and
a 100:1 planetary gearbox were selected and attached to the
movable specimen stage. This choice was based on con-
siderations of precision and the extensive range achievable
through the collaboration of a linear guide module and a
stepper motor.
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Fig. 2 3D modeling of the cost-effective abradable test rig. (a) Overview of the equipment, (b) close view of the abradable coating and blade
mounted, (c) simplified sample blade tip geometry, (d) detailed view of the movable specimen stage and rotating disk

Fig. 3 (a) Wood lathe model
King KWL-1218VS, (b) linear
guide module model GX120-
2505-200, (c) stepper motor
Nema 34, (d) planetary gearbox
100:1

Instrumentation and Data Acquisition

The device in Fig. 4a, identified as a triaxial load cell
Kistler 9347C, is a piezoelectric force transducer designed
to accurately measure all forces acting on the three
orthogonal components in any direction. The load cell is
installed between two plates with preload and can measure
both normal and tangential forces acting on the abradable
coating during the test. Utilizing the piezoelectric principle,
a force generates an electric charge that enables simple,
direct, and highly accurate measurements. For the mea-
surement signal processing, a Kistler LabAmp Laboratory
Charge Amplifier quasi-static, model 5167A (Fig. 4b) is
essential for converting the measurement signal into an
electrical voltage and facilitating comprehensive reaction
force measurement (Ref 40, 41).

(b)

The combined instrumentation system of the load cell
and amplifier possesses a sampling capability of 200 kSps
(kilo samples per second) per channel (Ref 40), far
exceeding the necessary data measurement requirements.
Considering the inverse relationship between frequency
and period, this system can extract data every 5
microseconds. This sampling rate is approximately 3000
times higher than the period between each impact, which is
17 milliseconds considering the rig’s rotational speed (i.e.,
up to 3000 data points can be acquired between each full
blade revolution). Detailed frequency analysis and valida-
tion of this system are elaborated on and discussed in the
section “Data Acquisition and Rig Validation”.

In order to accurately measure the surface temperature
of the abradable coating during the abradability tests, an
A320 ThermoVision infrared camera (FLIR Systems, MA)
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Fig. 4 (a) Triaxial load cell
model Kistler 9347C,

(b) laboratory amplifier model
Kistler LabAmp 5167A,

(c) FLIR A320 ThermoVision
infrared camera,

(d) programmable controller
model ST-PMCI1

Fig. 5 (a) Overview of the cost-effective abradable test rig, (b) abradable coating mounted on the sample holder, (c) close view of the disk and

moveable specimen stage

(Ref 42) was integrated into the test rig. This infrared
camera (Fig. 4c) is calibrated to detect temperature varia-
tions within the range of 0 to 4+ 350 °C, maintaining an
accuracy of + 2 °C. The camera system is equipped with a
dynamically updated reference temperature to ensure pre-
cise monitoring. Although the setup is designed to monitor
the overall interfacial temperature (e.g., caused by friction
heating) of the coating over time, the camera’s detector has
a response time of 12 milliseconds, enabling real-time
temperature monitoring and data extraction between each

@ Springer

impact period. These measurements, combined with the
incursion rate, can be accurately converted and associated
with the rubbing depth during the abradability tests, pro-
viding a comprehensive understanding of the overall rub-
bing temperature evolution. Before testing, parameters
such as material emissivity, measurement distance, and
required data accuracy must be known and adjusted.

In addition, several electronic devices were carefully
chosen to allow flexible adjustment of the incursion rate,
such as control and monitor the movable specimen. These
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Fig. 6 Investigation of the system dynamics at 3600 rpm and at two different incursion rates. (a) Evaluation of the rotating speed using high-
speed camera imaging. (b) Analysis of the linear incursion movement at 50 pm/s and 500 pm/s using high-speed camera imaging
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Fig. 7 Evaluation of the blade impact period during testing. (a) Side view of the abradable test rig, illustrating the theoretical blade impact
period, (b) plot of normal reaction forces over time, showing the observed blade impact periods during the test

devices include a CNC Servo Driver model 2HSS86 that  capacity of 480W and a voltage range of 0-48 V were also
connects to the stepper motor and the Stepper Motor Pro- selected to provide power to the system. Additionally, a
grammable Controller model SainSmart ST-PMCI1 digital readout kit was integrated into the moveable stage
(Fig. 4d) (Ref 43). Two adjustable power supplies with a
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Table 3 Abradable test parameters

Abradable test parameters

Description

Value Unit

Blade and abradable characteristics Blade material

Sample dimensions

Rubbing surface (blade contact area)

Input parameters Blade speed
Incursion rate
Incursion depth

Extras Disk rotation

Operational temperature

Humidity

Ti6Al4V (Grade 5)

25 x 76 (mm)
10 x 3.18 mm = 31.8 (mm?)
50 (m/s)
50 (0.83 pm/pass) (um/s)
1500 & 2000%* (pum)
3600 (rpm)
Room temperature (°C)
20%

“AlSi-40Polyester (2000 pm); polyester coating and aluminum sheet metal (1500 pm)

to facilitate precise monitoring of the incursion depth by
the operator during the test.

Manufacturing and Assembly

In pursuit of the rig’s optimal functionality, machining
techniques were applied to fabricate minor components
crucial for interconnecting various rig devices. Key con-
cerns included stability, balancing, and the management of
static and dynamic loads under operational conditions. The
list of components includes the rotating disk, sample
holders, joints, and supports. The rotating disk was laser-
cut and machined to ensure precise weight and geometric
distribution, as well as the blade sample holders that were
uniformly distributed to balance the mass. This careful
engineering ensures smoother operation by minimizing
vibrations and enhancing the reliability of experimental
results.

In addition, aluminum extrusion profiles were also
employed to facilitate joining and support for the
mechanical assembly. To enhance operational safety, a
protective case was fabricated, featuring a covering com-
posed of a 6 mm-thick bullet-resistant polycarbonate sheet
(Lexan, GE). This material was selected since it exhibits
high impact strength and heat resistance, making it suit-
able for severe dynamic impact and thermal loads (Ref 44).
A few ballistic tests have already proven the efficiency of
the polycarbonate under both normal and inclined dynamic
impacts (Ref 45-47). Among those, Radin and Goldsmith
(Ref 47) performed bullet tests at 82.1 m/s and 93.9 m/s
against polycarbonate plates with similar thicknesses.

The fully assembled cost-effective abradable test rig is
illustrated in Fig. 5a. A more detailed perspective of the
sample holder, showcasing the mounted abradable coating
before initiating the test, is presented in Fig. S5b.
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Additionally, Fig. 5c exhibits the assembled movable
specimen stage.

Data Acquisition and Rig Validation
Dynamics Evaluation

A detailed investigation, especially in terms of dynamics,
was conducted to provide insights into the performance and
reliability of the abradable test rig under operational con-
ditions. To validate the accuracy of rotational speed, linear
incursion position, and incursion rate, a high-speed camera
(Model HSI FASTCAM SA1.1) (Ref 48) was used to
monitor the position over time at 20000 fps. Thereby,
qualifying the dynamic mechanism system, such as the
lathe and the ST-PMCI1 programmable controller inputs
(e.g., rpm, and incursion rate). Figure 6 is a visual repre-
sentation of the methodology and results mentioned.

For the linear incursion movement analysis, images
were captured at specified time intervals (as depicted in
Fig. 6b), and the position of each was measured to confirm
the incursion rate input and system stability. A comparable
approach was utilized for the rotational movement analysis
(Fig. 6a). In this case, four distinct positions were selected,
and the time interval required to move between them was
observed to verify the rotational speed. The data indicated
that both the linear and rotational movements were within
the expected operational range, confirming the accuracy of
the input parameters and the stability of the system. This
comprehensive validation underscores the reliability and
precision of the test rig’s dynamic performance under
operational conditions.

Given the rig’s rotational speed input of 3600 rpm,
resulting in an impact frequency of 60 Hz and, conse-
quently, an impact interval of about 17 milliseconds
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Fig. 8 Reaction forces and interfacial temperatures along the rubbing
depth. (a) Schematic illustrating the direction of the reaction forces,
(b) normal force of AlSi-40Polyester (Ref 50), polyester, and

between each full blade rotation, a comprehensive inves-
tigation was conducted. This investigation aimed to
establish a practical and theoretical correlation to qualify
the natural frequency and direct impact forces. Kistler
Triaxial Accelerometer model 8763B500 (Ref 49) along-
side the data acquisition force system was used to qualify
the dynamics impact during tests and compare with the
theoretical impact frequency. Figure 7 illustrates the main
results, demonstrating that the data align with the antici-
pated acquisition range, showing a peak every 17 mil-
liseconds (first touch point). These findings confirm the
rig’s accuracy, ensure the natural frequency of the rig
outside the operational range, and validate the reliability of
the force acquisition system.

Materials Testing

Aiming to validate the abradable test rig in terms of
materials pre-screening, three different materials were

aluminum sheet metal, (c) tangential force, (d) interfacial temperature
of the three materials during the abradability test. Reprinted from Ref
50, available under CC BY-NC 4.0 license at ScienceDirect

tested. The first material was a conventional thermally
sprayed abradable material AlSi-40Polyester, and due to its
significance as an abradable coating, three tests were per-
formed on this material. More details on the spraying
equipment and parameters can be found elsewhere (Ref 50-
52). In addition to the validation process, a thermally
sprayed polyester and a conventional aluminum sheet
metal were also selected since they are the primary ele-
ments found in traditional aluminum-silicon—polyester
abradable coatings. This selection was made to facilitate
comparative analyses and ensure a comprehensive evalu-
ation of the performance and characteristics of the abrad-
ability testing. The tested parameters used on all samples
can be found in Table 3.

Reaction Forces and Temperatures

The normal and tangential forces during rub are commonly
used to analyze the abradability properties of thermally
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Ti6Al4V
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AISi—;lz)Polyester AlISi-40Polyester
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Tested

@) B (0

Fig. 9 Different materials tested in the cost-effective abradable test
rig. (a) AlSi-40Polyester, repeat number 1 (Ref 50), (b) AlSi-
40Polyester, repeat number 2, (c) AlSi-40Polyester, repeat number 3,

sprayed abradable materials (Ref 24, 37), and minimal
rubbing reaction forces are desired in order to protect the
blade (Ref 22, 50). Figure 8b and 8c presents the reaction
forces acting on the specimens during their respective
rubbing tests. It should be noted that for comparison rea-
sons, Fig. 8 only presents results up to 1500 pm, despite the
incursion depth of the AlSi-40Polyester sample being
performed up to 2000 pm. Other specimens, such as
polyester coating and Al sheet metal, were tested up to
1500 pm incursion depth due to safety concerns related to
the available thickness of the samples. The normal and
tangential forces for AlSi-40Polyester were evidently lower
compared to the aluminum and polyester. Indeed, the AlSi-
40Polyester was specifically designed to be an effective
abradable.

Both thermally sprayed coatings, AlSi-40Polyester and
polyester demonstrated consistent and effective cutting, as
evidenced by the uniform distribution of forces throughout
the rubbing depth (Fig. 8b and 8c). Similarly, Zhang et al.
(Ref 15) measured the reaction forces of AlSi-Polyester
against Ti6Al4V blades using a comparable incursion rate
(50 pm/s), noting a cycle forces pattern with peaks similar

@ Springer

AlSi-40Polyester
Repeat n

°3 Coating

Polyester

Aluminum Sheet
Metal

(d)
(d) thermally sprayed polyester, (e) aluminum sheet metal. Reprinted
from Ref 50, available under CC BY-NC 4.0 license at ScienceDirect

to the force behavior presented in this study (see Fig. 8b
and 8c).

In a quantitative evaluation, AlSi-40Polyester exhibited
the lowest reaction force (156 N), which was almost 2.5
times lower than that of the polyester material. These
results are close to the ones available in literature using
other custom-made abradable rigs, even using distinct
cutting characteristics. Recently, Zhang and Marshall (Ref
37) observed equivalent reaction forces in a range of about
100 N and rubbing temperatures of about 200°C on tests
using a different high-speed abradable test rig, by means of
a knife-edge methodology on coatings with similar chem-
ical compositions.

On the other hand, the aluminum sheet metal tested as
denser and harder material exhibited numerous ruptures
and non-uniform cutting, leading to larger chips, higher
maximum reaction forces (2305 N), and discontinuous
loads.

Figure 8d shows the interfacial temperature for the three
materials tested as a function of the rubbing depth. AlSi-
40Polyester exhibited a steady increase in temperature,
reaching a maximum of 44 °C at the maximum incursion
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depth. Similar investigations have explored the interfacial
temperature in abradable coatings and its association with
friction forces (Ref 11, 26, 53). Additionally, the results
observed by Watson and Marshall (Ref 54) performed on a
different abradable rig indicated that the peak temperature
was achieved using 0.2 pm/pass (below 200 °C), which
was close to the 0.83 pm/pass used in the current study.

On the other hand, the interfacial temperature for the
thermally sprayed polyester was significantly higher,
reaching up to 109°C. However, for the aluminum, the
maximum temperature was 35°C, which is lower than the
temperatures on AlSi-40Polyester tests. This can be
attributed to its higher thermal conductivity and non-con-
tinuous cutting, which helped to lower the heat generated
during the rubbing.

Similarly to the findings in this validation process, many
studies observed equivalent outcomes that can be associ-
ated with reaction forces, including rougher scar appear-
ance (Ref 18), adhesive transfer (Ref 27), and blade wear
(Ref 22).

Coating and Blade Analyses

The AlSi-40Polyester abradable coating presented a clean
and smooth cut in all tests (Fig. 7b, 7c, 9a), indicating a
consistently good abradability of the coating and high
stability of the apparatus. This can be observed by the

(a) AlISi-40Polyester (after test)

shallow grooves on the rubbing wear track (see Fig. 9),
which is associated with the expected dominant abrasive
wear mechanism. This is consistent with previous studies
on thermally sprayed abradable coatings, which showed
similar wear tracks (Ref 24, 37, 55).

The tests performed on aluminum sheet metal showed a
significantly higher adhesive transfer to the titanium blade
due to aluminum’s high chemical affinity (Ref 56) and its
higher metallic content compared to the abradable coating
AlSi-40Polyester. As observed in literature (Ref 55, 57), a
higher concentration of aluminum typically leads to a
higher adhesive transfer, as shown in Fig. 9e. This feature
also explains the increased reaction forces observed in
Fig. 8, which were driven by a higher contribution of
aluminum’s adhesive transfer to the blade and the fact that
aluminum sheet metal was a denser and bulk material.

Moreover, several research groups have observed simi-
lar wear behaviors on different abradable test rigs. Mutasim
et al. (Ref 58) conducted an abradability evaluation of Al-
based coatings, comparing them with other abradables and
pure aluminum against a 4043 steel blade. Their results
indicated no coating debonding, chipping, or smearing,
with clean and uniform groove cuts observed. At the same
time, aluminum samples did not perform well in the
abradability tests, similar to the findings of the rig used in
this study.

In order to elucidate the effective cutting of the AlSi-
40Polyester abradable coating in the cost-effective

(b) Ti6AI4V Blade (after test)

Top View
(Contact
Area)

Image of the
I Top View

Fig. 10 (a) Photograph and 3D microscopical image of AlSi-40Polyester wear track after rubbing test, (b) Ti6Al4V blade images and elemental
mapping after rubbing test (Ref 50). Reprinted from Ref 50, available under CC BY-NC 4.0 license at ScienceDirect
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abradable rig, the samples were investigated in more detail
in terms of wear and adhesive transfer. Figure 10a shows a
3D microscopical image of the wear track of the rubbed
abradable material. The worn surface exhibits grooves
produced by the abrasive wear mechanism parallel to the
direction of motion.

Similarly, Zhang et al. (Ref 15), when carrying out tests
at 350 °C using a high-speed abradable test rig, showed
that the blades also formed parallel grooves on the coating
with similar cutting behavior. Using a different abradable
test rig, Liu et al. (Ref 55) also observed groove formation
in the coatings without debonding, with regular-shaped
wear tracks and relatively smooth surfaces, consistent with
the findings from the rig developed in this current study.

Meanwhile, in Fig. 10b, the Ti6Al4V blade tip used
against the AlSi-40Polyester reveals no wear on the blade.
However, as found by some authors (Ref 8, 10, 59, 60), the
blade showed the evident formation of a transfer film,
which can be seen on the front and top view (see Fig. 10b).
This adhesive transfer film was predominantly formed by
the aluminum from the abradable coating to the blade.

An equivalent adhesion mechanism was also observed
by Rahimov et al. (Ref 60). They tested the AlSi-Polyester
coating against Ti6Al4V blades and found parallel groove
formation in the coating when analyzed at a close blade
speed (85 m/s), corroborating the previous discussion’s
results. These results reinforce the reliability of the con-
clusions and data acquired from the cost-effective abrad-
able test rig compared to other abradable test rigs.

Conclusions

In this study, a cost-effective abradable test rig was
designed to pre-screen thermally sprayed abradable sys-
tems. This setup provides valuable insights into the inter-
action between abradable coatings and blade tips and their
wear behavior. Its ability to simulate operational condi-
tions, adapt different materials, and take a prompt, cost-
effective approach is crucial for enhancing the efficiency of
material assessment.

In order to validate the rig, a detailed dynamic evalua-
tion was conducted to provide insights into the perfor-
mance and reliability of the abradable test rig under
operational conditions. In addition, two thermally sprayed
materials (AlSi-40Polyester and polyester) and a com-
mercial aluminum sheet metal were investigated. The AlSi-
40Polyester presented the lowest reaction forces with no
significant blade wear. In addition, the polyester coating
showed significantly higher interfacial temperature, which
can be attributed to its low thermal conductivity. The tests
performed on the aluminum sheet metal, on the other hand,
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presented significantly higher adhesive transfer on the
blade and the highest reaction forces.

Moreover, a comprehensive understanding of the rig’s
design and setup can significantly benefit other research
groups by serving as a reference for developing similar test
rigs. This can foster consistency and comparability across
different studies, facilitating advancements in the field.
Detailed documentation of our rig’s validation process can
help other researchers replicate our setup, adapt it to their
specific needs, and ultimately contribute to a broader and
more reliable body of knowledge within the community.
Such collaborative progress is essential for pushing the
boundaries of fields such as tribology and thermal spray,
which can be a powerful ally when pre-screening new

thermally sprayed candidate coatings for abradable
systems.
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