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Abstract

:

A multi-functional friction and wear testing machine was used to test the pin disk wear of high-speed railway brake friction material under different disk temperatures (20 °C, 100 °C, and 200 °C) and different ambient humidities (55%, 95%). The test results show that the change in the disk temperature and different ambient humidities have significant effects on the frictional wear performance of the high-speed railway brake material. Under the conditions of 20 °C, 100 °C and 200 °C, the instantaneous friction coefficient and wear rate of the brake material decreased as the ambient humidity increased. The different ambient humidity caused severe surface damage to the brake materials, but the damage mechanisms were dramatically different. At constant temperature, the higher the ambient humidity, the lower the maximum equilibrium temperature of the disc.
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1. Introduction


Transportation infrastructure plays an irreplaceable basic role in the development of the national economy. Each change and upgrade is an important feature of rapid economic change [1]. In 2021, the national railway operating mileage reached 151,000 km, an increase of 53,000 km compared to the end of 2012. In the process of transportation, a high-speed railway maintains a series of outstanding advantages such as low energy consumption, low pollution, high efficiency, high safety and high comfort, which provides a strong guarantee of the development of the national economy and people’s lives [2,3,4]. The construction of high-speed railways is one of the important strategic infrastructure projects in China and the most important component of China’s modern transportation system [5,6]. With the development of China’s high-speed railway and the improvement of railway transportation capacity, the abnormal wear of brake discs under extreme environmental conditions [7,8,9], such as: high temperature, low temperature, high humidity, high cold, and especially high humidity has been widely examined by scholars at home and abroad. The brake disc is one of the core components of braking in high-speed trains [10]. The level of braking technology is one of the key factors that determine the safety, comfort and stability of high-speed trains, so the study of brake discs is particularly important [11,12]. As the speed of high-speed trains continues to increase, the standard of braking performance is gradually improved, and braking technology is constantly updated in the development of high-speed trains [13]. As a major high-speed rail development country, it is necessary for China to master core braking technology.



With the rapid development of high-speed trains, they have now spread to all parts of the world, and while high-speed trains enter different regions, the different environmental problems faced by different regions have also become a pertinent research topic. There is no doubt that external factors such as the environment have a huge impact on the braking performance of the brake disc, and this influence directly determines the service life of the brake disc [14,15]. Foreign scholars, Eriksson [16] and others, studied the ambient air humidity as a variable through tribological tests, and the results showed that air humidity had a significant impact on the friction coefficient and wear of friction materials. Their influence was extremely critical. When the humidity in the air is 20~80%, the influence of humidity on the friction coefficient has a certain limit, but when the humidity is greater than 80%, the friction coefficient will increase with the increase in humidity. The research results show that in the process of brake friction, the medium water will form a fine “water film” on the friction surface, and this water film will greatly reduce the friction coefficient of the brake disc in the process of braking. The size of the water flow speed can also directly affect the braking performance, and in the braking process of the water condition, water lubrication and dry friction can be clearly distinguished. Hongyu Sun [17] et al. studied the friction and wear behavior of high-speed train braking materials at high temperature (25 °C, 200 °C, 400 °C, 600 °C), and the results showed that they had high friction coefficients at 25 °C and 400 °C, but the two temperature wear types were different. Kang-jie Rong [18] et al. studied the wear of wheel–rail brake materials in high temperature and humidity environment. The results show that humidity has a significant impact on the wear behavior of brake materials. In high-temperature and low-humidity environments, fatigue wear is the main wear mode. With the increase in humidity, abrasive wear becomes more and more serious, and gradually becomes the main form of wear. Peng Zhang [19] et al. also studied the tribological properties of high-speed railway brake materials in the background of high temperature. The results show that with the increase in temperature, the friction film will change from a single structure of mixed layer to a double-layer structure, and the wear mechanism will also change from abrasive wear to adhesion wear.



In short, researchers only study high-speed rail brake materials from the perspective of a single variable (humidity or temperature), and they rarely combine the effects of the two factors to study them. Therefore, it is necessary to study the tribological properties of brake disc brake pads of high-speed trains in a high-temperature and humidity environment.



In this study, the self-developed multi-functional friction and wear testing machine will be used to combine the influencing factors of temperature and humidity to perform the pin disc friction and wear test. The following four aspects of the damage mechanism and friction and wear properties of the material were studied: friction coefficient, wear rate, surface plane morphology and disk surface temperature increase. Through systematic and comprehensive study of the friction and wear mechanism of high-speed train materials in high temperature and humidity environment, this research provides important theoretical support and technical guidance which will ensure the safety, stability and reliability of high-speed trains traveling at high temperature and high humidity in China.




2. Test Details


2.1. Brake Discs and Brake Pads


The brake disc and brake pad test materials used in this study are taken from the high-speed rail EMU site (CRH380) of China EMU, and the physical drawings of the brake disc and brake pad are shown in Figure 1 and Figure 2, respectively. After consulting the relevant information, it can be seen that the main component of the brake disc material is special forged steel material, and the main structure is slat-like martensite, because slat-shaped martensite has high strength, high hardness and good toughness [20,21]. The brake pad material is a copper-based powder metallurgy material, which has the advantages of high strength, good rigidity, good plasticity, oxidation resistance and corrosion resistance. In order to accurately explore the structural composition of the brake disc/brake pad material used in this study, the composition of chemical elements of forged steel brake disc material and copper-based powder metallurgy material was detected and analyzed using an EDS spectrometer and copper-based powder metallurgy material, and the test results are shown in Table 1.




2.2. Sample Preparation


The brake materials required for the test are all from the high-speed rail site. The thickness of the forged steel brake disc on the site is 16 mm. Combined with the size of the disc fixture of the self-designed testing machine, the forged steel brake disc material is processed into a diameter of 55 mm, a thickness of 10 mm, and the pin specimen is designed to have a diameter of 14 mm, a thickness of 10 mm. Due to the need for the change in temperature of the test disk, a small hole with a depth of 13 mm is opened on the side of the disc and 3 mm from the friction surface. The schematic diagram of the specific disk sample structure is shown in Figure 3, and the physical diagram of the disk sample structure is shown in Figure 4 and Figure 5.




2.3. Test Equipment


In this study, a high-temperature pin-disc wear tester (Shandong Province, China) and an ambient humidity device are used to study the friction and wear properties of brake materials. The schematic diagram of the structure of the testing machine is shown in Figure 6. Before the start of the test, the PLC computer parameters are calibrated, and the test study can only be carried out after the data calibration is completed and confirmed. The pin specimen and the disc specimen are first mounted on (8) and (9), respectively, and then fixed. After fixation, the disk specimen can only move in the x-axis direction. We set the test force parameters using computer software. After the parameter setting is complete, it is infinitely motor-loaded (12). The spring and the telescopic catch (11) move slowly to reach the specified test force, and after loading, the pin plate test can set different sizes of contact pressure according to the needs of the test force, and carry out multiple tests. After the test force is loaded, the part of the left pin specimen is responsible for the adjustment of the speed, and the pin plate test can also set different speed tests according to the needs of the test speed. After the computer test parameters, test specimen device and test parameter setting are completed, they are placed in the sealed control room (14), and equipment (16) is used to heat the disc specimen. At the same time, the environment is humidified by the self-upgraded humidity generation device, in the use of temperature sensors (15) and a humidity sensor (17), then the measured values are fed back to the PLC computer.




2.4. Test Parameters


Temperature and humidity influence tests on the wear properties of brake disc/brake materials are performed on a multifunctional wear testing machine. The test temperature was 20 °C (normal atmospheric temperature), 100 °C and 200 °C, respectively [22,23,24]. Ambient humidity was normally humid (55%) and high humidity (95%), respectively. During the test, the ambient humidity error is about ±2%. By comparing the experimental and model data, we found that low loads and low sliding speeds do not lead to changes in the friction and wear of the clamps [25,26]. The test was carried out by continuous contact. Forged steel brake disc specimen and powder metallurgy brake specimen’s relative speed is 0.5 m/s, which is converted to a relative sliding speed of 318 r/min. The contact stress is 1.0 MPa, which translates to a test force of about 153 N. The error of the test force is ±2 N. The test time is 120 min, each set of trials is repeated three times. The specific test protocol is shown in Table 2.




2.5. Experimental Process


The experimental work in this study is divided into the following steps.



	(1)

	
Processing of materials: the brake disc/pad materials brought back from the high-speed railway site are processed separately. At the same time, the brake disc is polished with a polishing machine, so that the roughness of the friction surface is about 0.1 µm; at the same time, the friction surface of the brake pad is polished with 180#, 600# and 1000# sandpaper in order to provide the surface of the brake disc with as much contact with the surface as possible and reduce the gap.




	(2)

	
The sample cleaning process: the processed brake disc/pad specimens are exposed to an ultrasonic cleaning machine for cleaning. The cleaning time is 15~20 min. After cleaning work is completed, blowers are used to dry the surface, and the specimens are placed in the drying cabinet for 6 h. Bare hands are not permitted to come into contact with the specimen during the cleaning process; the aim of this is to avoid the grease on the hands adhering to the specimen. The subsequent weighing process and the test process provide the impact.




	(3)

	
Weighing of specimens: For the dried specimens, we use an electronic balance with accuracy of 0.001 g and a measuring range of 200 g for weighing and measuring, and repeat the weighing five times for each specimen. We take the average value as the pre-test mass of the specimen. In the process of weighing, in addition to avoiding contact with the hands, each specimen should be marked separately to avoid the occurrence of inconsistent data and specimens.




	(4)

	
The preparation work before the test mainly includes calibration of the temperature and humidity sensor of the test machine, the inspection of the experimental equipment, the calibration of the test software and the inspection of the heating device and humidification device.




	(5)

	
Installation of specimens: the disk specimens and pin specimens are installed on the fixture of the multifunctional wear tester for fixing.




	(6)

	
Measurement of test parameters: we turn on the heating device and humidity device, wait until the test parameters are stable for 10 min, then turn off the heating device, and carry out the test according to the test parameters set in advance.




	(7)

	
The processing work after the test: after the test is over, we save the friction coefficient curve and the temperature change curve in the disk obtained during the test, and then wait for the specimen to cool down before we disassemble the specimen.




	(8)

	
After the test cleaning work: after the tests on brake disc/pad specimens, and after using the ultrasonic cleaning machine for 15~20 min, we dry the specimen and repeat step 3, respectively. We then take the average value as the test specimen quality.








2.6. Test Analysis Method


After the test is completed, the damage mechanism of the brake disc/pad is analyzed and explained in four aspects.



	(1)

	
Friction coefficient: According to the position of the pin fixture and the center of the disk, the friction radius of the test is 15 mm. In accordance with the software system that comes with the computer, which we use to derive the friction coefficient graph, the specific algorithm is the ratio of the tangential force to the vertical load of the brake disc and brake pad specimens during the process of sliding contact.




	(2)

	
Wear rate: Because of the small amount of wear, the wear rate is tested using the most common method—the gravimetrical method, which is based on the weight change of the specimen before and after the test. The wear amount is determined by weighing with an electronic balance. Therefore, to facilitate the comparison of wear behavior, the mass of the brake disc/pad specimen worn during one week of movement is defined as the wear rate (α), and the specific formula is shown in 1.









  α =   Δ m  n   



(1)




where: α—Specimen wear rate in µg/r.



	
  Δm—Change in mass before and after specimen (mass before test–mass after test), unit: µg.



	
  n—Total number of rotations (revolutions * total time), unit: r.






	(3)

	
Analysis of the friction surface morphology: we use the Industrial electron microscope (JT-1400B, China) to analyze the type of damage existing on the surface morphology, the evolution of the damage and the causes of the damage formation.




	(4)

	
Change in disk surface temperature: using the temperature sensor of the equipment, the change in disk surface temperature was recorded every 2 min to explore the temperature changes.









3. Result


3.1. Friction Coefficient


Figure 7, Figure 8 and Figure 9 shows the instantaneous friction coefficients of the brake disc/pad specimens at 20 °C, 100 °C and 200 °C and different ambient humidities, respectively. It can be seen from Figure 7 that the instantaneous friction coefficients for both 55% and 95% conditions show a linear and rapid increase during the first 2000 s of wear. After 2000 s, their instantaneous friction coefficients show a slow increase; however, the increase is small. the instantaneous friction coefficients for the 20 °C and 55% conditions are slightly larger than those for the 20 °C and 95% conditions. As shown in Figure 8, the instantaneous friction coefficients at 55% and 95% conditions show a linear increase in the first 1200 s of wear. However, they show an insignificant trend of first decreasing and then increasing after 1200 s. Additionally, it is noteworthy that the instantaneous friction coefficients at 100 °C and 55% are significantly larger than those at 100 °C and 95%. As can be seen in Figure 9, the instantaneous friction coefficients at 55% and 95% conditions show a linear increase during the first 1000 s of wear. After 1000 s, the instantaneous friction coefficients for the 200 °C and 55% conditions tend to decrease slightly, while the 200 °C and 95% conditions maintain a dynamic equilibrium. The instantaneous friction coefficients for the 100 °C and 55% conditions are larger than those for the 100 °C and 95% conditions. It is worth noting that all three data show a similar pattern: the instantaneous friction coefficients under 55% humidity conditions are greater than those under 95% humidity conditions with constant temperature.




3.2. Wear Rate


The wear rates of the brake disc and pad material specimens at different temperatures and ambient humidity are given in Figure 10 and Figure 11, respectively. From Figure 10, it can be seen that the wear rate of the brake disc at 20 °C and 100 °C with medium humidity (55%) is greater than that at high humidity (95%), with a difference of 9 µg/r and 10 µg/r, respectively. Meanwhile, at 200 °C, the wear rate at high humidity (95%) is significantly greater than that at medium humidity (55%). Additionally, it is evident that the disc wear rate reaches 35 µg/r at 200 °C and 95%, which is 60% and 71% higher than the wear rate at 20 °C and 100 °C, respectively, and it can be seen that the wear is most severe at this condition. From Figure 11, it can be seen that the brake pad wear rate shows a similar pattern as the brake disc wear rate, but the disc wear rate is significantly greater than that of the brake disc in the medium-humidity environment (55%). In particular, in the 100 °C condition, the wear rate reaches 51 µg/r.




3.3. Surface Morphology


3.3.1. Disk Surface Morphology


Figure 12, Figure 13 and Figure 14 show the damage morphology of the disk surface at 55% ambient humidity and different temperatures, respectively. From the figures, it can be seen that the disk surface damage most commonly includes furrows, scratches, pitting, adhesion damage and cracks. The overall disc damage is relatively flat. As can be seen in Figure 12, at 55% ambient humidity, the 20 °C disk damage is mainly characterized by furrows, a large amount of adhesion and a small amount of pitting. As can be seen in Figure 13, at 55% ambient humidity, the 100 °C disk damage is mainly characterized by cracks, a small amount of bonding and a large amount of pitting. In Figure 14, it can be seen that at 55% ambient humidity, the 200 °C disk damage mainly presents as plow furrows and a small amount of adhesion.



Figure 15, Figure 16 and Figure 17 show the damage morphology of the disk surface at 95% ambient humidity and different temperatures, respectively. From the figures, it can be seen that the damage on the disk surface mainly takes the form of furrows, scratches, surface crushing and adhesion. From Figure 15, it can be seen that the friction plane is relatively flat compared with Figure 12, and the damage pattern is mainly composed of a large amount of adhesion and a small amount of pitting. From Figure 16, it can be seen that the adhesion gradually reduces and surface crushing is present. As can be seen in Figure 17, the surface roughness of the brake disc increases at 200 °C and 95% ambient humidity, and the surface shows a lot of pitting, surface crushing, a lot of furrows, and small areas of adhesion.




3.3.2. Pad Surface Morphology


As can be seen in Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23, the damage to the brake pads is more severe than the damage to the brake discs under either condition. The brake pad surface damage mainly takes the form of furrows, cracks, adhesion, and abscission pits. It is obvious from Figure 18 and Figure 19 that a large number of abscission pits, cracks and a small amount of adhesive material appear on the brake pad surface, and the friction surface is extremely rough. From Figure 20, it can be seen that the roughness of the friction plane has improved, and although there are a small number of abscission pits, a large amount of adhesive material appears. From Figure 21 and Figure 22, it can be seen that the damage in Figure 22 is the most serious, and there is even a large area of abscission pits at the edge of the brake pad specimen.





3.4. Disc Surface Temperature


Figure 24, Figure 25 and Figure 26 show the temperature change curves of the disk surface under the same temperature and different ambient humidity conditions, respectively. From Figure 24, it is clear that both temperature rise trends are basically the same. In the first 2000 s when the specimen is rubbed, the disk temperature increases rapidly; during 2000 s–5000 s, the disk temperature grows slowly; and after 5000 s, the disk temperature remains basically the same. The maximum temperature of the disk surface after stabilization at 20 °C and 55% is about 120 °C, while the maximum temperature of the disk surface after stabilization at 20 °C and 95% is about 106 °C, and there is not much difference between the two temperatures at the same time. From Figure 25, it can be found that the fluctuation in the temperature rise curve at 100 °C in the 1200 s of the movement time is large in both 55% and 95% conditions, while 1200 s later shows slow growth. Additionally, the temperature witnessed for both at the same time is very different. It can be seen from Figure 26 that the temperature decreases rapidly during the first 1000 s of the motion time and reaches dynamic equilibrium at 1000 s. The maximum temperature reaches 120 °C after disk stabilization at 200 °C and 55% conditions, and it reaches 100 °C after disk stabilization at 200 °C and 95% conditions.





4. Discussion


This test investigates four aspects of the friction and wear performance of the brake material for high-speed rail: instantaneous friction coefficient, wear rate, surface morphology and temperature variation of the disc surface. From the Section 3.1, it is clear that the friction coefficient of medium humidity environment (55%) is larger than that of the high-humidity environment (95%) under the conditions of 20 °C, 100 °C and 200 °C, because the friction surface in the high-humidity environment adsorbs the moisture in the environment and forms a water film on the surface to play the role of lubrication, so the friction coefficient is small in the initial stage of movement [18]. Additionally, according to the temperature of the disk surface, the formation of water film in the disk surface thickness and the maintenance time is different, due to the existence of water film greatly affecting the coefficient of friction. Temperature changes will also affect the length of the water film maintenance time. The high temperature will lead to more rapid evaporation of the water film on the disk surface, which is why the three friction coefficients needed to reach dynamic stability are not consistent. A summary of this can be found in Section 3.2. At 20 °C and 100 °C, the wear rate of 55% ambient humidity is greater than that of 95% ambient humidity. This conclusion is consistent with that of the friction coefficient in Section 3.1, in which the presence of a water film leads to a reduction in the wear rate at 95% ambient humidity. At 200 °C and 95% ambient humidity, the wear rate increases significantly because the high temperature results in the rapid evaporation of the water film and the formation and rupture of the oxide film, and the presence of multiple films leads to an increase in the number of broken particles on the disk surface, resulting in a rapid increase in the wear rate. Due to the different structural composition of the gate material and the disk material, and the presence of a large number of abscission pits in the wear process of the gate specimen, the overall wear rate is greater than that of the disk specimen. Based on the summary presented in Section 3.3, it can be seen that under conditions of 20 °C and 100 °C, the disk damage under 55% ambient humidity is more serious and the friction surface is relatively rough because the friction film will be cut by the shear stress of fine particles after a period of operation. After that, the adhesive will form the friction film. At this time, abrasive wear and adhesive wear are the main considerations, as the humidity increases to 95% due to the existence of water film influencing the friction coefficient [27]. As the humidity increases to 95%, the friction coefficient reduces due to the existence of water film, and although the wear also reduces, the fatigue increases, so abrasive wear, adhesive wear and fatigue wear still occur. Due to the presence of the oxide film, the disk damage at 200 °C and 95% ambient humidity is mainly the result of abrasive wear, adhesive wear and oxidation wear [28]. From the Section 3.4, it can be found that the time point when the temperature equilibrium occurs and the time point when the instantaneous friction coefficient equilibrium occurs basically overlap. This indicates that there is a clear relationship between the factors of disk temperature variation and the friction coefficient. Additionally, 55% ambient humidity is significantly greater than 95% ambient humidity because 95% ambient humidity absorbs some of the heat to promote water evaporation during the temperature variation.




5. Conclusions


Main findings:




	
Under certain temperature conditions, the friction coefficient and wear rate decrease with the increase in ambient humidity.



	
With the increase in temperature, the instantaneous friction coefficient and disc surface temperature reach advanced dynamic equilibrium time points at the same time.



	
The brake pad damage is significantly greater than the degree of damage to the brake disc.



	
In 20 °C and 100 °C conditions, 55% ambient humidity brake disc damage mainly takes the form of abrasive wear and adhesive wear. When the humidity increases to 95%, the disc damage comprises abrasive wear, adhesive wear and fatigue wear.



	
Additionally, 5.200 °C and 95% ambient humidity brake disc damage mainly takes the form of abrasive wear, adhesive wear and oxidation wear.



	
The higher the ambient humidity, the lower the surface equilibrium temperature of the brake disc specimen.








In summary, the high-speed rail brake materials show good friction wear performance at 20 °C, 100 °C and 55% ambient humidity. When the humidity increases, the friction coefficient and wear rate of high-speed rail brake materials change significantly, which indicates that the friction and wear performance of brake materials in high-humidity conditions is poor. Therefore, it is recommended to avoid running high-speed trains in a high-humidity environment where possible, and if this cannot be avoided, appropriate measures can be taken to evaporate the disc surface moisture before braking and properly raise the initial temperature of the disc. At the same time, for high-speed trains which need to run in a high-humidity environment for a long time, the amount of brake material overhaul should be increased and a more reasonable overhaul program should be considered.
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Figure 1. Brake disc material [4]. 
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Figure 2. Brake pad material [4]. 
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Figure 3. Physical diagram of the structure of the disc specimen. 






Figure 3. Physical diagram of the structure of the disc specimen.



[image: Materials 16 01610 g003]







[image: Materials 16 01610 g004 550] 





Figure 4. Structure diagram of disc sample (unit: mm). 
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Figure 5. Structure diagram of pin sample (unit: mm). 
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Figure 6. (a): Pin disc wear testing machine: (1)–cabinet; (2)–operating platform; (3)–drive motor;(4)–couplings; (5)–torque transducers; (6)–force sensor; (7)–drive shaft; (8)–pin specimens; (9)–disc specimens; (10)–disc fixture: (11)–telescopic shaft; (12)–motor; (b): brake friction pair:(13)–pin fixture; (14)–seal the control chamber; (15)–temperature sensor; (16)–high-temperature heating rod; (17)–humidity sensor; (c): PLC computer control system. 
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Figure 7. Friction coefficient diagram for different ambient humidity at 20 °C. 
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Figure 8. Friction coefficient diagram for different ambient humidity at 100 °C. 
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Figure 9. Friction coefficient diagram for different ambient humidity at 200 °C. 
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Figure 10. Graph of disk wear rate at different temperatures and ambient humidity. 
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Figure 11. Graph of pad wear rate at different temperatures and ambient humidity. 
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Figure 12. Surface morphology damage map of the disk at 20 °C and 55% ambient humidity. 
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Figure 13. Surface morphology damage map of the disk at 100 °C and 55% ambient humidity. 
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Figure 14. Surface morphology damage map of the disk at 200 °C and 55% ambient humidity. 
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Figure 15. Surface morphology damage map of the disk at 20 °C and 95% ambient humidity. 






Figure 15. Surface morphology damage map of the disk at 20 °C and 95% ambient humidity.



[image: Materials 16 01610 g015]







[image: Materials 16 01610 g016 550] 





Figure 16. Surface morphology damage map of the disk at 100 °C and 95% ambient humidity. 
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Figure 17. Surface morphology damage map of the disk at 200 °C and 95% ambient humidity. 
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Figure 18. Surface morphology damage map of brake pad at 20 °C and 55% ambient humidity. 
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Figure 19. Surface morphology damage map of brake pad at 100 °C and 55% ambient humidity. 
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Figure 20. Surface morphology damage map of brake pad at 200 °C and 55% ambient humidity. 
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Figure 21. Surface morphology damage map of brake pad at 20 °C and 95% ambient humidity. 
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Figure 22. Surface morphology damage map of brake pad at 100 °C and 95% ambient humidity. 
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Figure 23. Surface morphology damage map of brake pad at 200 °C and 95% ambient humidity. 
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Figure 24. Variation of disc surface temperature at 20 °C under different ambient humidities. 
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Figure 25. Variation of disc surface temperature at 100 °C under different ambient humidities. 
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Figure 26. Variation of disc surface temperature at 200 °C under different ambient humidity. 
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Table 1. Chemical composition of brake disc/brake material (wt/%).
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	Element
	Mn
	Cr
	Si
	C
	Ni
	Cu
	O
	S
	Fe





	Forged steel brake discs
	1.02
	0.70
	0.54
	0.42
	0.08
	-
	-
	-
	BAL



	Powder metallurgy brake plates
	-
	3.47
	-
	6.75
	-
	38.85
	20.31
	1.18
	BAL
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Table 2. Test parameters (repeated three times for each group).
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Number

	
Test Temperature/°C

	
Test Humidity/%

	
Contact Stress/MPa

	
Sliding Speed/m/s

	
Contact Form






	
1

	
20

	
55

	
1.0

	
0.5

	
Continuous




	
2

	
100




	
3

	
200




	
4

	
20

	
95




	
5

	
100




	
6

	
200
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