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Abstract: This paper is focused on the experimental wear characterization of an electromagnetic
braking system used for helicopters. The characterization was performed through the evaluation of
some monitoring parameters during endurance tests on a test bench and through the visual analysis
of the worn surfaces after the tests. The monitoring parameters were the engagement threshold
voltage, the release threshold voltage, the inductance, and the braking torque, which are directly
correlated with the wear progress. The visual analysis allowed the assessment of the wear extent and
the distribution of wear particles at the interfaces. The test performed on the initial base configuration,
having ten springs and carbon fibers as friction materials, demonstrated that the braking system
had insufficient durability in terms of actuation cycles. The results allowed the design of two new
configurations based on different brake architectures and on different friction pairs. One of the new
configurations was based on a reduction in the number of springs (eight-spring configuration), and
the second one was based on the employment of a different friction material (NAO configuration).
Both of these optimized configurations showed enhanced durability and wear resistance, but only
the second one showed sufficient durability with respect to the requirements and was defined as
acceptable. The final results showed a durability of 3000 actuation cycles for the base configuration,
4385 for the eight-spring configuration, and 35,223 for the NAO configuration. Nevertheless, the
analysis of results allowed the cause of the wear phenomena to be studied and eventual further
improvements in the system to be suggested.

Keywords: electromagnetic brake; wear characterization; friction pair; carbon fiber; NAO materials;
electromechanical actuator

1. Introduction

Electromagnetic brakes are commonly employed in many industrial, medical, aero-
nautical, and military applications and even in robotics [1].

In particular, aeronautic electromagnetic brakes are key components of the landing
gear of aircraft, which is considered one of the most critical systems for flight safety [2], as
almost 60% of failures occur during landing and take-off operations [3].

Catastrophic malfunctions can occur in landing gear and its components as they are
subjected to high inertial, impulsive, and cyclic loads [4], and for this reason, the dynamic
characterization, design, testing, and maintenance of aeronautic components and braking
systems are crucial operations to guarantee flight safety [5–7].

Aeronautic brakes have various functions, such as, first of all, the role of generating
the required stopping torque under various service conditions through proper friction
pairs, but they also serve as heat sinks, maintaining a low temperature by absorbing kinetic
energy, and as structural elements to transfer the torque to the tires [8].

Designing electromagnetic braking systems requires a multidisciplinary approach,
as the mechanical aspects, including tribological issues, must be combined with electro-
magnetic [9], structural, and thermal issues [10,11], but the literature includes few studies
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focused on their overall behavior and design issues [12]. In addition, most of the tribolog-
ical studies about brakes have focused on braking systems that are not for aeronautical
applications. Some works have aimed at analyzing the squealing of brakes, with the aim of
reducing this effect by using theoretical and experimental approaches [13–15]. Some other
works have specifically aimed at studying the contact mechanics and wear behavior of the
brakes [16–18].

From a tribological point of view, electromagnetic brakes for aircraft must be developed
with high-efficiency friction materials, which must meet several requirements to ensure
stability and wear resistance, such as high strength, high thermal conductivity, low thermal
expansion, and high thermal stability [19]. For this reason, composite materials are the
most widely used friction materials because they guarantee high mechanical properties due
to their multicomponent structure. In fact, the characteristics of the individual ingredients
of composite materials, such as binders, fibers, reinforcements, and fillers, influence the
mechanical and tribological properties of the friction interfaces, so researchers have tried
various formulations to test their impact on the tribological performance of brakes [20]. For
electromagnetic brakes, the most widely used friction pads are metallic or semi-metallic,
non-asbestos organic (NAO), Metal Matrix Composite (MMC), and ceramic or carbon–
carbon [21]. Non-asbestos organic (NAO) materials are widely used as friction materials
because of their low cost and environmentally friendly nature.

Although numerical simulations can greatly contribute to the study of the performance
of a brake in terms of efficiency and stability [22,23], the wear resistance and efficiency of
the braking torque of an electromagnetic brake are two crucial aspects to investigate, mostly
through experimental characterization during the design phase [24–26], as different friction
pairs can be tested with different brake architectures. This experimental approach is often
employed in tribological applications regarding wear resistance optimization [27,28]. The
work presented in [24] demonstrated the improved functionality and performance of an
electromechanical brake for the main rotor of a helicopter, proposing an optimized design.
The brake was hydraulically actuated and was arranged as a disk brake and clasping
arm. A wear model was used and matched with experimental results to choose the right
materials and design configuration to obtain the required specifications.

In a previous paper [25], the friction conditions and the distribution of contact pres-
sures of a brake for helicopters were assessed by both numerical and experimental methods
to study their influence on the durability of the system. In addition, different glues used to
fasten the new asbestos-free friction lining to prevent cracks were analyzed and compared.

The work presented in [29] was focused on the design process and related issues of
electromagnetic brakes for aerospace applications. The Finite Element Analysis (FEA) and
experimental validation of a prototype were performed to verify the congruence between
experimental and simulated electromagnetic forces. Tribological aspects were not directly
discussed, but the importance of experimental tests on materials was also confirmed.

In this work, an electromagnetic brake for helicopters was studied from a tribological
point of view. The work presented in this paper is aimed at improving the tribological
performance of a specific industrial braking system for aeronautical applications and repre-
sents an advancement and a novelty, as different materials and architectures are presented,
analyzed, and compared through experimental wear characterization and predicting the
useful life of the components before and after design optimization. The results of this study
can give insights for the design of further improvements in the same and similar braking
systems. Compared to the works presented in [24,25], this paper analyzes different brake ar-
chitecture, actuation, and materials, but the two works share the same design optimization
procedure, according to subsequent optimization steps, based on experimental evaluations.

This paper is organized into the following sections: Section 2 is focused on the descrip-
tion of the studied electromagnetic brake, experimental methods and instruments, and
detected performance parameters; Section 3 is devoted to the optimization of the brake in
terms of wear resistance and durability based on the results of the wear characterization of



Appl. Sci. 2023, 13, 7646 3 of 16

different configurations. A discussion of the results is included in Section 3, while Section 4
states the achievements and conclusions.

2. Materials and Methods
2.1. The Studied Electromagnetic Brake and Tribological Issues

The braking system of the helicopter is composed of two electromagnetic brakes, one
for normal service and one for an emergency, with two different supply circuits to ensure
the service of at least one brake in case of a malfunction. The studied brake is a power-off
system, and therefore, the braking action is exerted when the power supply is interrupted
on purpose or voluntarily. The system is designed to perform static braking; short transient
phases are possible with the stick-slip contact between the disks. Random dynamic contact
can also be favored by short distances between the disks, which can come into contact if
subjected to vibrations.

The main components of the electromagnetic brake are:

- The solenoid, which generates the attractive magnetic field and the magnetic force Fm
on the anchor, which opens the brake.

- The springs mounted on the solenoid, which generate a repulsive elastic force Fel on
the anchor to compress the disk stage when the solenoid is not supplied.

- The anchor, which is the mobile element determining the opening and closure of
the brake.

- Stator disks, which act as counter-faces.
- Rotor disks with antifriction pads that rotate with the pinion connected to the gearbox.
- The brake frame, which represents the external counter-face and keeps the stator disks

in the right position.

The performance of the braking system depends on the following main parameters:

- Air gap, which represents the gap between the anchor and the solenoid when the
brake is not powered and the magnetic field is absent, as represented in Figure 1. Once
the solenoid is supplied, it engages the anchor, and the air gap previously located
between the solenoid and the anchor is distributed between all the braking surfaces,
which are free to rotate, and the system does not exert any braking torque. Therefore,
the air gap must be properly dimensioned to avoid dynamic contacts and wear, even
when the brake is not working [10].
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- Number of springs Ns, which defines the elastic force Fel on the anchor and influences
the load applied to the disk pack and, consequently, the braking torque.
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- Materials and thickness of the coupled rotor/stator, which determine the tribological
behavior of the brake.

- Number of disks Nd, which determines the number of friction surfaces and the braking
torque. The correct determination of this parameter allows not only an adequate
braking performance but also proper wear resistance.

The studied electromagnetic brake has a base configuration based on the design
parameters and materials shown in Table 1.

Table 1. Design specs of the brake’s base configuration.

Rotor Friction Material Stator Material Air Gap (mm) Ns Nd

Carbon fiber Stainless steel 0.20–0.25 10 4 + 4

The rotor friction material was a carbon material with long interlaced fibers. From
a tribological point of view, the described and actual configurations of this kind of brake
ensured good braking performance, but the duration was too limited, and the system could
not properly work as early as before the Time Before Overhaul (TBO), which represents the
number of working cycles before the aircraft component requires an overhaul.

This finding was confirmed during the qualification test in compliance with the
standard for the environmental testing of avionics hardware, DO-160 [30].

2.2. Experimental Wear Characterization and Optimization of the Wear Behavior

The objective of this work was the experimental wear characterization of the braking
system and a consequent review of the current design configuration to enhance the wear
resistance and durability of the aviation component.

The experimental characterization was designed in such a way that, at each step, one
single modification was made to the current configuration so that the influence of each
design modification on the durability of the component could be studied. This experimental
characterization design also contributed to setting a standardized procedure to test this
braking system to gather specific information to improve its performance.

The experimental characterization was performed with the following steps, as sum-
marized in Figure 2:

- A preliminary Acceptance Test Procedure (ATP) aimed at checking that the brake has
no operational flaws and at defining a set of reference working parameters;

- The experimental characterization of the failure causes by monitoring specific working
parameters during an endurance test of the base configuration until brake failure;

- The design of modifications to optimize the wear behavior;
- An endurance validation test after the redesign phase to investigate the effective

optimization of the wear behavior and durability.
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The redesign phase was performed after the first endurance test of the base configura-
tion and was based on the results of this experiment, which gave information about the
main criticalities of the system in terms of wear resistance.

2.3. Test Bench and Monitoring Parameters

The brake was tested on a test bench with a slope that was determined considering
the range of positions of the brake in a real working environment. A set of monitoring
parameters were measured through the test rig, allowing the conditions of the brake to
be checked in terms of wear, and the wear progress was correlated with changes in these
parameters. Measurements were performed at the beginning, in the middle and at the end
of each test.

The monitoring parameters were:

- Engagement threshold voltage Ve, which represents the minimum supply voltage
for the solenoid to be able to engage the anchor. Variations in this parameter give
an indication of the wear conditions of the surfaces. In particular, when the wear
increases, the disk pack volume is reduced and the air gap increases, resulting in
an increase in the threshold voltage. The wear progress gradually increases the air gap
until the solenoid is no longer able to engage the anchor and the system fails. In the
experimental characterization, this parameter was measured by manually supplying
the brake and gradually increasing the voltage.

- Release threshold voltage Vr, which represents the minimum supply voltage for
the solenoid to keep the anchor engaged. Variations in this voltage also provide
information about the wear progress. In fact, if the air gap is wider due to wear, the
initial release voltage slowly becomes insufficient to keep the anchor engaged with
respect to the elastic force exerted by the springs. When this condition is reached,
the solenoid partially or totally releases the anchor, even at voltages compatible with
engagement conditions. The measurement of this voltage was performed by gradually
reducing the voltage to the solenoid while the anchor was engaged until the anchor
was released and checking eventual partial releases.

- Inductance H, which provides information about variations in the air gap and therefore
about wear. In fact, if the air gap becomes wider due to wear, the reluctance increases
with a consequent inductance decrease. During the middle check, the inductance was
measured through an LCR tester to check that the value was between the established
minimum and maximum.

- Braking torque Tb, which represents the fundamental performance parameter of the
brake and which is strongly influenced by the tribological conditions of the surfaces.
This parameter was measured by using a torque wrench and evaluating the maximum
torque that can be applied without the occurrence of slips between rotors and stators.

3. Results and Discussion
3.1. Endurance Test Results and Wear Characterization of the Base Configuration

The endurance test of the base configuration was performed on the test bench by
monitoring the different working parameters as a percentage of the reference results
obtained during the preliminary ATP. The results are represented in Figures 3–6.

Figure 3 reports the trend of the release threshold voltage, which increases up to
a value of about 200% of the maximum value obtained during the preliminary ATP. The
start curve represents the values of the release threshold voltage when the anchor starts to
be released, and the end curve reports the values of the voltage when the anchor’s release
stops. The start and end curves should be coincident if the anchor is uniformly released.
Given that these two curves are not coincident after 2500 actuation cycles, the anchor’s
release is not uniform, and the air gap progressively increased during the test while the
anchor was engaged.



Appl. Sci. 2023, 13, 7646 6 of 16

Appl. Sci. 2023, 13, x FOR PEER REVIEW  6  of  17 
 

3. Results and Discussion 

3.1. Endurance Test Results and Wear Characterization of the Base Configuration 

The endurance  test of  the base configuration was performed on  the  test bench by 

monitoring  the  different working  parameters  as  a  percentage  of  the  reference  results 

obtained during the preliminary ATP. The results are represented in Figures 3–6.   

 

Figure 3. Release threshold voltage in the base configuration. 

 

Figure 4. Engagement threshold voltage in the base configuration. 

 

Figure 5. Inductance in the base configuration. 

Figure 3. Release threshold voltage in the base configuration.

The increase in the release threshold voltage suggests that particles of worn material
from the disk pack are located between the solenoid and the anchor, and the difference
between the start and end curves suggests that the worn material is not uniformly dis-
tributed at the interface, but a greater number of wear particles are located in a portion of
the interface, which is also justified by the test rig slope.

Figures 4 and 5 show the trend of the engagement threshold voltage and that of the
inductance, respectively. These results suggest that the air gap increases due to the wear
progress. In fact, the air gap increase implies both that the inductance decreased during the
test and that the engagement threshold voltage increased because a greater power supply
is necessary for the solenoid to generate a sufficient magnetic field to engage the anchor.
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Figure 6 shows the trend of the braking torque, which is higher than the minimum
value resulting from the ATP and reaches 300% of the reference maximum value. This result
demonstrates that despite the short durability, the braking system maintains a sufficient
braking capacity.
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It is worth evaluating the changes in the friction coefficient during the test by calculating

f =
4Tb

NF(D + d)
, (1)

where N is the number of contact mating surfaces, F is the normal force on the disks, f is the
friction coefficient, and D and d are the maximum and minimum diameters of the contact
surface, respectively. The results are reported in Figure 7, where it is shown that the friction
coefficient slightly fluctuates around an average value of 0.3.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  8  of  17 
 

 

Figure 7. Friction coefficient in the base configuration. 

At the end of this endurance test, a visual analysis of the sample braking components 

was conducted using a digital microscope. When the brake was dismounted from the test 

rig and opened, a large number of wear particles were evident, and a visual inspection 

highlighted that the stator disks were more worn than the rotor disks, as can be observed 

in Figure 8.   

 

Figure 8. Worn disks: (a) rotor; (b) stator. 

The  trend  of  the  release  threshold  voltage  (Figure  3)  is  strongly  related  to  this 

evidence.  In  fact, as  the  stator disks are made of  ferromagnetic materials,  they  release 

ferromagnetic  particles,  which  are  attracted  by  the  magnetic  field  generated  by  the 

solenoid, and they crowd around the interface between the solenoid and anchor, causing 

the nonuniform release of the anchor, as also demonstrated by the visual inspection of the 

solenoid.   

3.2. First Optimization of the Wear Behavior: Eight‐Spring Configuration   

The first optimization of  the wear behavior of  the brake was based on  the  results 

reported in the previous paragraph, which demonstrated that the main criticality of the 

system in terms of wear resistance is the wear progress on the stators, which causes the 

interposition of ferromagnetic particles at the solenoid/anchor interface.   

The anchor can be released when the elastic force Fel exerted by the springs is greater 

than the magnetic force Fm exerted by the solenoid. Figure 9 shows the force trend vs. the 

airgap thickness, where Fm,max represents the force exerted by the solenoid at the maximum 

supply voltage necessary to engage the anchor, and Fm,min is the magnetic force when the 

solenoid is supplied with a reduced voltage after the anchor’s engagement. 

The  failure  of  the  brake  occurs when  the worn material  interposed  between  the 

anchor and solenoid generates an airgap increase, and the Fm necessary to keep the anchor 

engaged becomes lower than the elastic force Fel. In this condition, the supply voltage is 

not sufficient to keep the anchor engaged, and the anchor’s release occurs. 

Therefore,  despite  the  fact  that  the  solenoid  is  supplied  with  a  voltage  that  is 

nominally sufficient to keep the anchor engaged, the anchor is released, and the brake is 

subjected to an irregular closure. 

Figure 7. Friction coefficient in the base configuration.

From the overall analysis of the experimental results obtained on the test rig, one can
conclude that the braking system in its base configuration stops working after 3000 ac-
tuation cycles, where 1 actuation cycle is considered the sequence of a retraction and an
extension. This number of cycles is considerably lower than the minimum number of cycles
prescribed for the TBO.

At the end of this endurance test, a visual analysis of the sample braking components
was conducted using a digital microscope. When the brake was dismounted from the test
rig and opened, a large number of wear particles were evident, and a visual inspection
highlighted that the stator disks were more worn than the rotor disks, as can be observed
in Figure 8.

The trend of the release threshold voltage (Figure 3) is strongly related to this evidence.
In fact, as the stator disks are made of ferromagnetic materials, they release ferromagnetic
particles, which are attracted by the magnetic field generated by the solenoid, and they
crowd around the interface between the solenoid and anchor, causing the nonuniform
release of the anchor, as also demonstrated by the visual inspection of the solenoid.



Appl. Sci. 2023, 13, 7646 8 of 16

Appl. Sci. 2023, 13, x FOR PEER REVIEW  8  of  17 
 

 

Figure 7. Friction coefficient in the base configuration. 

At the end of this endurance test, a visual analysis of the sample braking components 

was conducted using a digital microscope. When the brake was dismounted from the test 

rig and opened, a large number of wear particles were evident, and a visual inspection 

highlighted that the stator disks were more worn than the rotor disks, as can be observed 

in Figure 8.   

 

Figure 8. Worn disks: (a) rotor; (b) stator. 

The  trend  of  the  release  threshold  voltage  (Figure  3)  is  strongly  related  to  this 

evidence.  In  fact, as  the  stator disks are made of  ferromagnetic materials,  they  release 

ferromagnetic  particles,  which  are  attracted  by  the  magnetic  field  generated  by  the 

solenoid, and they crowd around the interface between the solenoid and anchor, causing 

the nonuniform release of the anchor, as also demonstrated by the visual inspection of the 

solenoid.   

3.2. First Optimization of the Wear Behavior: Eight‐Spring Configuration   

The first optimization of  the wear behavior of  the brake was based on  the  results 

reported in the previous paragraph, which demonstrated that the main criticality of the 

system in terms of wear resistance is the wear progress on the stators, which causes the 

interposition of ferromagnetic particles at the solenoid/anchor interface.   

The anchor can be released when the elastic force Fel exerted by the springs is greater 

than the magnetic force Fm exerted by the solenoid. Figure 9 shows the force trend vs. the 

airgap thickness, where Fm,max represents the force exerted by the solenoid at the maximum 

supply voltage necessary to engage the anchor, and Fm,min is the magnetic force when the 

solenoid is supplied with a reduced voltage after the anchor’s engagement. 

The  failure  of  the  brake  occurs when  the worn material  interposed  between  the 

anchor and solenoid generates an airgap increase, and the Fm necessary to keep the anchor 

engaged becomes lower than the elastic force Fel. In this condition, the supply voltage is 

not sufficient to keep the anchor engaged, and the anchor’s release occurs. 

Therefore,  despite  the  fact  that  the  solenoid  is  supplied  with  a  voltage  that  is 

nominally sufficient to keep the anchor engaged, the anchor is released, and the brake is 

subjected to an irregular closure. 

Figure 8. Worn disks: (a) rotor; (b) stator.

3.2. First Optimization of the Wear Behavior: Eight-Spring Configuration

The first optimization of the wear behavior of the brake was based on the results
reported in the previous paragraph, which demonstrated that the main criticality of the
system in terms of wear resistance is the wear progress on the stators, which causes the
interposition of ferromagnetic particles at the solenoid/anchor interface.

The anchor can be released when the elastic force Fel exerted by the springs is greater
than the magnetic force Fm exerted by the solenoid. Figure 9 shows the force trend vs. the
airgap thickness, where Fm,max represents the force exerted by the solenoid at the maximum
supply voltage necessary to engage the anchor, and Fm,min is the magnetic force when the
solenoid is supplied with a reduced voltage after the anchor’s engagement.
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The failure of the brake occurs when the worn material interposed between the anchor
and solenoid generates an airgap increase, and the Fm necessary to keep the anchor engaged
becomes lower than the elastic force Fel. In this condition, the supply voltage is not sufficient
to keep the anchor engaged, and the anchor’s release occurs.

Therefore, despite the fact that the solenoid is supplied with a voltage that is nominally
sufficient to keep the anchor engaged, the anchor is released, and the brake is subjected to
an irregular closure.

A possible solution to this problem is the reduction in the elastic force, which, however,
implies a reduction in the braking torque. Nevertheless, the results reported in Figure 6
suggest that a new configuration with eight springs could allow a braking torque in
an acceptable range. Therefore, the first configuration was newly redesigned according to
the specifications reported in Table 2.

Table 2. Design specs of the brake’s first configuration (8-spring configuration).

Rotor Friction Material Stator Material Air Gap (mm) Ns Nd

Carbon fiber Stainless steel 0.20–0.25 8 4 + 4
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3.3. Endurance Test of the First Optimized Configuration with Eight Springs

The results of the endurance test performed on the eight-spring configuration are
presented in Figures 10–13, where they are compared with the results obtained for the
base configuration.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  9  of  17 
 

 

Figure 9. Forces vs. air gap. 

A  possible  solution  to  this  problem  is  the  reduction  in  the  elastic  force, which, 

however, implies a reduction in the braking torque. Nevertheless, the results reported in 

Figure 6 suggest that a new configuration with eight springs could allow a braking torque 

in an acceptable range. Therefore, the first configuration was newly redesigned according 

to the specifications reported in Table 2.   

Table 2. Design specs of the brake’s first configuration (8-spring configuration). 

Rotor Friction Material  Stator Material  Air Gap (mm)  Ns  Nd 

Carbon fiber  Stainless steel  0.20–0.25  8  4 + 4 

3.3. Endurance Test of the First Optimized Configuration with Eight Springs 

The  results of  the endurance  test performed on  the eight-spring configuration are 

presented  in Figures 10–13, where they are compared with the results obtained for the 

base configuration. 

 

Figure 10. Release threshold voltage in the 8-spring and 10-spring (base) configurations. Figure 10. Release threshold voltage in the 8-spring and 10-spring (base) configurations.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  10  of  17 
 

 

Figure 11. Engagement threshold voltage in the 8-spring and 10-spring (base) configurations. 

 

Figure 12. Inductance in the 8-spring and 10-spring (base) configurations. 

 

Figure 13. Braking torque in the 8-spring and 10-spring (base) configurations. 

Figure  10  compares  the  release  threshold  voltage  for  the  8-spring  and  base 

configurations (10 springs), also showing that, in the 8-spring configuration, the anchor 

starts undergoing partial and nonuniform engagement after around 2500 actuation cycles. 

The release threshold voltage trend again suggests that particles of worn material from 

the disk pack are located between the solenoid and the anchor and that the worn material 

is not uniformly distributed at the interface. 

Figures 11 and 12 compare the engagement threshold voltage and inductance in the 

eight-spring  and base  configurations,  respectively,  suggesting  that wear progress  also 

occurs in the eight-spring configuration. Nevertheless, the engagement threshold voltage 

always remains less than the reference maximum ATP value.   

Figure 11. Engagement threshold voltage in the 8-spring and 10-spring (base) configurations.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  10  of  17 
 

 

Figure 11. Engagement threshold voltage in the 8-spring and 10-spring (base) configurations. 

 

Figure 12. Inductance in the 8-spring and 10-spring (base) configurations. 

 

Figure 13. Braking torque in the 8-spring and 10-spring (base) configurations. 

Figure  10  compares  the  release  threshold  voltage  for  the  8-spring  and  base 

configurations (10 springs), also showing that, in the 8-spring configuration, the anchor 

starts undergoing partial and nonuniform engagement after around 2500 actuation cycles. 

The release threshold voltage trend again suggests that particles of worn material from 

the disk pack are located between the solenoid and the anchor and that the worn material 

is not uniformly distributed at the interface. 

Figures 11 and 12 compare the engagement threshold voltage and inductance in the 

eight-spring  and base  configurations,  respectively,  suggesting  that wear progress  also 

occurs in the eight-spring configuration. Nevertheless, the engagement threshold voltage 

always remains less than the reference maximum ATP value.   

Figure 12. Inductance in the 8-spring and 10-spring (base) configurations.

Figure 10 compares the release threshold voltage for the 8-spring and base config-
urations (10 springs), also showing that, in the 8-spring configuration, the anchor starts
undergoing partial and nonuniform engagement after around 2500 actuation cycles. The
release threshold voltage trend again suggests that particles of worn material from the disk
pack are located between the solenoid and the anchor and that the worn material is not
uniformly distributed at the interface.
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Figure 13. Braking torque in the 8-spring and 10-spring (base) configurations.

Figures 11 and 12 compare the engagement threshold voltage and inductance in the
eight-spring and base configurations, respectively, suggesting that wear progress also
occurs in the eight-spring configuration. Nevertheless, the engagement threshold voltage
always remains less than the reference maximum ATP value.

Figure 13 reports the braking torque comparison for the eight-spring and base config-
urations. The results show that in the eight-spring configuration, the initial braking torque
is less than the minimum value established with the ATP, but it rapidly reaches acceptable
values, although less than in the base configuration, as was expected.

Figure 14 shows the trend of the friction coefficient during the test, which varies from
a relatively low value of around 0.1 to a high value close to 0.5.
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The overall analysis of the results for the eight-spring configuration demonstrates
that, although this configuration has a better wear resistance than the base configuration,
as it reaches the failure point after around 4500 actuation cycles, this improvement is not
sufficient, as the failure occurs before the TBO.

Again, in this case, the visual analysis of the sample braking components at the end of
the endurance test demonstrated the presence of a large number of ferromagnetic particles,
as can be observed in Figure 15.

Therefore, the failure of the braking system is due to the accumulation of ferromagnetic
particles between the anchor and solenoid, mainly originating from wear progress on the
stator disks. These results lead to the conclusion that possible further optimization in terms
of the wear resistance and durability of the system lies in a reduction in the ferromagnetic
wear material and thus in a change in the friction pair materials.

The carbon fiber used as friction material for the rotor disks could be identified as
possibly responsible for the severe wear phenomenon on the stainless-steel stator. This
could be due to different factors, such as the low operating temperature of the brake and
the different wear behaviors of the matrix and reinforcement of carbon fiber. For this reason,
a different friction material was analyzed.
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3.4. Final Optimization of the Wear Behavior: NAO Configuration

The new friction material used for the rotor disks was a non-asbestos organic (NAO)
friction composite, which is a polymer-reinforced material (Figure 16).
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Figure 16. Rotor disk with NAO as friction material.

This material is mainly composed of a phenolic resin combined with nitrile butadiene
rubber (NBR), short-fiber reinforcement, fillers, and metallic particles, with 15–40% ferrous
materials. From a mechanical point of view, this material is rigid with high hardness and
mechanical resistance.

The new configuration to be analyzed was set according to the specifications reported
in Table 3.

Table 3. Design specs of the brake’s NAO configuration.

Rotor Friction Material Stator Material Air Gap (mm) Ns Nd

NAO Stainless steel 0.20–0.25 10 4 + 4

3.5. Endurance Test of the Final Optimized Configuration

The results of the endurance test performed on the brake in the NAO configuration
are represented in Figures 17–20, where a comparison with the results obtained in the base
configuration is shown.

Figure 17 shows the release threshold voltage of the anchor in the NAO configuration
compared with the same voltage measured in the base configuration. The trend is stationary
for up to 20,000 actuation cycles, and it shows an increasing trend afterward, suggesting
that the air gap starts to widen, probably due to the presence of wear particles.
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After 27,000 actuation cycles, the anchor is released nonuniformly, which suggests
that the wear particles are mainly crowded in a portion of the interface, probably the lower
portion due to the slope. The failure of the brake occurs at 35,000 actuation cycles.

In Figure 18, the engagement threshold voltage of the NAO configuration is shown in
comparison with the same voltage measured in the base configuration. In this case, one
can observe that the engagement voltage increases with the number of actuation cycles,
which suggests some wear progress, but it remains lower than the ATP value.

These results are also confirmed by the monitored inductance (Figure 19) compared
with the inductance measured in the base configuration, which presents a decreasing trend
compatible with an increase in the air gap due to wear.

The trend of the braking torque in the NAO configuration (Figure 20) shows higher
values than the minimum value to guarantee an efficient braking effect.

Its increasing trend with respect to the actuation cycles depends on the stabilization
of the tribological system, which implies an increase in the effective contact area at the
interface and an increase in friction. The tribological stabilization of the system allows
a friction coefficient of 0.45 to be reached, as reported in Figure 21.
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Figure 21. Friction coefficient in the NAO configuration.

The implementation of the NAO configuration allowed the achievement of 35,000 actu-
ation cycles, with an increase in the brake operation duration of about ten times compared
to the base configuration.

Although the brake showed improved and sufficient durability that satisfied the TBO,
the visual analysis of the braking components at the end of the endurance test demonstrated
the occurrence of wear.

Figure 22 shows the superficial condition of the NAO friction material. The presence
of cavities and scratches is due to the removal of reinforcement splinters, which causes
the wear and weakening of the surfaces. The number of ferromagnetic wear particles
at the interface is still lower than in previous configurations. In this case, in contrast
to the previous configurations, the rotors are the main worn components; therefore, the
ferromagnetic wear particles derive from the NAO friction material, which is a more
desirable condition.
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3.6. Comparison of Results and Discussion

The results of this work are reported in Table 4, where the three analyzed configura-
tions are compared in terms of wear, durability, and maximum braking torque normalized
with respect to the minimum ATP value.

Table 4. Comparison of results.

Configuration Comparative Wear Level Actuation Cycles Max Braking Torque
Base 3000 278%

8-springs 4385 303%
NAO 35,223 354%

The NAO configuration shows the best results in terms of durability, wear, and braking
torque compared to both the base and eight-spring configurations. This improvement
over configurations with carbon fiber as the friction material is due to the low operating
temperature of the brake and the wear behavior of the different material structures and
reinforcements. Although the heterogeneity of the NAO due to the polymeric structure with
reinforcements results in good mechanical properties, the wear behavior is nonuniform.

Figures reporting the results of the monitoring parameters during the endurance
tests performed on the NAO and base configurations demonstrate that the trends of
these parameters are similar, although the failure of the NAO configuration occurs after
about 35,000 actuation cycles. Furthermore, although the NAO configuration results in an
optimized braking system, the failure of the brake is still associated with wear progress
and the presence of ferromagnetic particles at the interface.

This evidence suggests that, even in the optimized NAO configuration, the presence
of ferromagnetic wear particles remains related to the failure of the electromagnetic brake,
as these particles contribute to the increase in the air gap. Given that the particles are
located between the solenoid and the anchor due to the solenoid attraction, the system is
presumed to fail due to the incapacity of the solenoid to generate a sufficient magnetic field
to guarantee the total aperture of the brake.

The results of this study are related to a specific industrial braking system for heli-
copters and are aimed at improving the durability and efficiency of the device, optimizing
its tribological behavior and wear resistance. The literature contains few similar studies on
electromagnetic brakes for the same application, as the performance of a braking system is
strongly dependent on its structure, the chosen materials, the actuation, and other thermal
issues. A few works can be taken into consideration for a comparison, mainly in terms of
procedures. For instance, the studies in [24,25] are both focused on the design optimization
of brakes for aircraft and helicopters based on the analysis of the tribological behavior,
but different architectures, actuation technologies, and materials are considered compared
to the work presented here. In [24], the brake is based on a disk and clasping arm ar-
rangement, and the actuation is hydraulic. Different friction materials were experimentally
tested—a semi-metallic material and some non-asbestos organic materials—with the aim
of meeting a set of established requirements in terms of the holding torque, mass, volumet-
ric constraints, and fast engagement. For these purposes, an NAO material was chosen
as the best one (Trimat MR2215). This finding matches the results of this study, which
demonstrated the best performance with the NAO configuration. In [25], new asbestos-free
friction linings were analyzed considering four materials by calculating the distribution
of the contact pressures with numerical models and comparing results with experimental
ones. Again, in this case, different materials and configurations were investigated. In [29],
an electromagnetic brake for aeronautical applications with a similar structure to that of
the brake presented in this paper was prototyped and analyzed, but the authors considered
several design issues not specifically concerning tribological aspects.
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4. Conclusions

This paper was aimed at the wear characterization and tribological optimization of
a power-off electromagnetic brake for helicopters. A base configuration based on the
tribological pair stainless steel/carbon fiber was tested, and an optimized friction pair
configuration was proposed using an NAO as the friction material instead of carbon (NAO
configuration). Another optimized configuration was proposed based on a reduction in the
number of springs (eight-spring configuration).

Both optimized configurations were aimed at reducing wear phenomena and showed
an improvement in the durability of the braking system in terms of the number of actuation
cycles before failure. The eight-spring configuration did not exhibit sufficient durability
with respect to the TBO, while the NAO configuration showed a durability of about
35,000 cycles.

Although the NAO configuration gave optimal results and was efficient and reliable
in terms of durability, this paper demonstrates that the wear progress and the presence of
ferromagnetic particles inside the reinforcement of the NAO material were still related to
a system failure, as in the initial base and eight-spring configurations. Therefore, further
improvements in the braking system can be envisaged by analyzing different friction pairs
and primarily reducing the ferromagnetic components between mating surfaces.
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