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Abstract 

This study presents the development of a modern semi-metal organic composite; functionally graded depending on 

nanomaterials ‘Alumina or silicon carbide’. During this research, the wear rate, the resistance of wear rate, and specific 

wear rate were all modified, using a natural lev palm in functionally graded materials and other additives. The 

nanomaterials are the new technique used in this work to improve the resistance of wear. Lev Palm is the best natural fiber 

as alternate research used to modify the strength. Hence, lev palm has unique characteristics to be used as filler. In the 

laboratory, many formulations have been prepared with the percentage weight of lev palm, friction improves, 

nanomaterials as abrasive materials, softener additive, and other lubricant solid materials. Powder metallurgy technique 

was used to manufacture the model including lev palm. A theoretical analysis using Buckingham Pi theory was developed 

in this work, for experimental study, A pin-on-disc under dry test was used to improve the wear rate, specific wear rate, 

and wear resistance depending on slide distance with a tow of the constant load of ‘10,30N’ and constant speed of 300 rpm. 

The results showed that the sample (S3) has the best mechanical properties such as wear rate, specific wear rate, and wear 

resistance.  

Keywords: Functionally graded materials (FGMs); Lev palm; Wear test; Nano Alumina; Pin on disk; Buckingham Pi; 

Composite. 

 
1. Introduction 

Many machine components have abrasive interactions between surfaces that cause wear. Grinding, for example, necessitates some 

abrasive wear. Others, such as bearings, are meticulously maintained to minimize excessive looseness [1], The presence of stick-

slip phenomena during the wear process, such as multi-directional abrasion, may exacerbate wear look like in ball joint [2]. 

Breaking system is the most important part in the automotive, vehicle and machinery; however, brake pad is the major component 

of the system. Brake pads convert the kinetic energy of the vehicle into thermal energy by friction. For many years, brake pads 

were constructed of asbestos fiber, which is extremely hazardous in a variety of ways [3]. At the moment, brake pads are 

categorized as metallic, semi-metallic, and the novel organic composite brake pad materials are commercially available. In 

industrial pad, many things are found, such as elastomers, ceramic particles, metallic chips, minerals, fibers, and solid lubricants. 

Most of these things are combined together by phenolic resin [4]. There are tiny quantities that are transferred to the pad or the 

disc whenever the bad is heated due to the direct contact between the rotating disc and the pad to produce the stopping force. 

Therefore, there is no single material can accomplish the high performance, which is required to achieve safety and durability 
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under varied brake situations in a disc brake system [5]. Many researches have been investigated in the area of modifying the 

asbestos-free brake pads. The use of coconut shell, palm kernel shell (PKS) has been developed for asbestos free brake pads 

materials[6]–[9]. Natural fibers have greater benefits than inorganic materials, such as low cost, biodegradability, and low density. 

Natural fibers also have a lower environmental effect than synthetic fibers[10]. Today, many researchers are concentrating on such 

a way to use industrial/ agricultural trash as an exporter of materials in the manufacturing business. So, the natural organic materials 

are not only be used for economical purposes, but also result in earnings and environmental things. Non-Asbestos Organic Brake 

Pads using functionally graded materials technique is presented in this work. 

The goal of this paper is comparing the theoretical and experimental result with two different added nano materials to develop 

novel organic functional graded composite materials for brake pads for automobiles. Functionally graded materials (FGMs) have 

unique characteristics and can perform several tasks that identical or homogenous materials cannot[11]. Various laboratory 

combinations with varied lev palm fiber, abrasive material utilizing nano alumina, friction modifiers, and solid lubricant employing 

powder metallurgy method were developed in this approach. The wear resistance and specific wear rate of the brake pad material 

were evaluated as tribological characteristics. The new composites were evaluated in the lab with an adequate percentage ratio 

between reinforcement weight (% W) and matrix and were found to have a better coefficient of friction and wear resistance due 

to the improved mechanical properties, increased compressive force ability, and low toxin pollution effect. In the present situation, 

these qualities make the model suitable in automobile brake pads. 

  

2. Theoretical analysis  

The Buckingham Pi model is used to create a mathematical model of wear rate. wear volume, materials density, and hardness 

were chosen as a repeating parameter, other variable, normal load (N), sliding speed (V) and sliding distance (SD) wear 

unrepeating [1].      

  The equation can be expressed as fallowing:  

 ∏ = f(ρ, wv, H , N, Sd, 𝑣) 

where, 

ρ  is the density of sample = Kg/m3 

wv is the wear volume rate = m3 

H  is the hardness of sample = kg/m.s2 

N is the normal load = kg.m/s2 

Sd is the sliding distance = m 

𝑣 is the sliding speed = m/ s 

so,  

the number of variables is 6 and the number of dimensions is 3  

 6-3= 3 the number of Pi set  

The first set of the dimensionless equation:  

𝜌𝑎 ∗ 𝑤𝑣
𝑏 ∗ 𝐻𝐶 ∗ 𝑁 = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0 

(
𝑘𝑔

𝑚3)𝑎 ∗ (𝑚3)𝑏 ∗  (
𝑘𝑔

𝑚.𝑠2)
𝑐

∗  (
𝑘𝑔 .𝑚 

𝑠2 ) = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0   

This mean: 

a+c+1=0     

-3a+3b-c+1=0    

-2c-2=0           
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solve the three equations to get a=0, b=-2/3, c=-1  

∏ =1   𝑤𝑣
−2/3 ∗  𝐻−1 ∗ 𝑁                           

∏ =1   
𝑁

𝑤𝑣
2/3∗ 𝐻

         ____________ (1) 

The second set of the dimensionless equation:  

𝜌𝑎 ∗ 𝑤𝑣
𝑏 ∗ 𝐻𝐶 ∗ 𝑆𝑑 = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0 

(
𝑘𝑔

𝑚3)𝑎 ∗ (𝑚3)𝑏 ∗  (
𝑘𝑔

𝑚.𝑠2)
𝑐

∗  (𝑚) = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0   

a+c=0 

-3a+3b-c+1=0 

-2c=0 

or, c=0, a=0, b=-1/3 

so, ∏ =2   𝑤𝑣
−1/3 ∗  𝑆𝑑                          

∏ =2   
𝑤𝑣

1/3

𝑆𝑑
                     ____________ (2) 

The 3rd set of the dimensionless equation: 

 

 𝜌𝑎 ∗ 𝑤𝑣
𝑏 ∗ 𝐻𝐶 ∗ 𝑣 = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0 

 (
𝑘𝑔

𝑚3)𝑎 ∗ (𝑚3)𝑏 ∗  (
𝑘𝑔

𝑚.𝑠2)
𝑐

∗  (
𝑚

𝑠
) = 𝑘𝑔0 ∗ 𝑚0 ∗ 𝑠0 

a+c=0 

-3a+3b-c+1=0 

-2c-1=0  

or, c=-1/2, a=1/2, b=0 

 ∏ =3   𝜌1/2 ∗  𝐻−1/2 ∗ 𝑣 

 ∏ =3   √
𝜌

𝐻
∗  𝑣     ____________(3) 

From equation (1) and (2) to become the following: 

 
𝑁

𝑤𝑣
2/3∗ 𝐻

≈  
𝑤𝑣

1/3

𝑆𝑑
   

or  

 
𝑁

 𝐻
𝑘 =  

𝑤𝑣

𝑆𝑑
    

 𝑤𝑣 = 𝑘
𝑁∗𝑆𝑑

 𝐻
   ____________(4) 

where k is the wear coefficient, the equation (4) is well known as Archard’s equation. 

The equalizing dimensionless of equations (1), (2) and (3), it produced the following:   
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 ∏ ∗ ∏ ≈ 3  1 ∏  2  

   
𝑁

𝑤𝑣
2/3∗ 𝐻

∗ √
𝜌

𝐻
∗  𝑣 ≈    

𝑤𝑣
1/3

𝑆𝑑
    

by simplified to get volume wear rate as below: 

  𝑤𝑣 ≈  𝑁 ∗ 𝑆𝑑 ∗ √
𝜌

𝐻3 ∗  𝑣 

 𝑤𝑣 = 𝛽 𝑁 ∗ 𝑆𝑑 ∗ √
𝜌

𝐻3 ∗  𝑣  ____________(5) 

where 𝛽 is the wear speed coefficient.  

finally, to compute the wear rate with loose mass, equation (5) can be modified by following  

 𝑤𝑚 = 𝛽 𝑁 ∗ 𝑆𝑑 ∗ √
𝜌3

𝐻3 ∗  𝑣   

 𝑤𝑚 = 𝛽 𝑁 ∗ 𝑆𝑑 ∗ (
𝜌

𝐻
)

3/2

∗  𝑣 𝑣  ____________(6) 

where 𝑤𝑚 is the mass wear rate. 

𝛽 is the wear speed coefficient and taken according [1].   

Equation (6) will be used to compare the result of experimental wear rate.  

3. Experimental Procedure    

3.1. Materials and Methods 

Lev are collected from Iraqi palms that are naturally accessible (see Figure 1), chopped, and dried at room temperature to eliminate 

the humidity. The obtained lev was immersed in a 5 percent alkali solution NaOH for one hour before being washed with water to 

remove any remaining solution and then dried again by using laboratory oven at 50  ° C used for the preparation of composite 

samples. The Lev palm acts as a filler and reinforcement. Other materials and equipment used during this work are: phenolic resin 

(Novolac and Hexamine hardener) as a binder material (Matrix), Iron (Fe) as friction modifiers, Nano Alumina as abrasive, 

graphite (800 Mesh) as a solid lubricant, and Aerosol as a soften material. All materials were in powder state, and their high 

coefficient of friction and low wear rate, while maintaining mechanical strength, are important aspects to consider while choosing 

these materials. In order to generate functionally graded materials, careful analysis of the required attributes of distinct layers of 

mixed materials was performed. 

Figure 1. Extracted lev palm  

3.2. The Mould Preparation  

The mould was manufactured using a stainless-steel plate with a dimension of specimen (150*50) mm. The mould consists of 

three parts of hard plate (top and bottom) and frame to be held together. The mould looks like a piston and prevents the mixture to 

release out when being pressed, as shown in Figure 2. 
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Figure 2. The Mould Parts 

3.3. Specimen Preparation 

A fat layer acts as a demoulding agent and is applied to the mould initially. An aluminum foil is also employed to guarantee that 

the surfaces of the samples are smooth. 

After dring the lev palm, cutting and crusher using high speed multi-functional crusher with rotating speed (25000) rpm (see Figure 

3) and the final product (see Figure 4) as a powder slag. The composition of the lev palm composites used in this work is shown 

in Table 1. 

 

    Figure 3. High Speed Multi-Functional Crusher        Figure 4. Lev palm powder slag  

 

The specimens consist of two layers, every layer contains a percentage (%W) of materials to get a gradually characteristic in the 

model. 

A technique called powder metallurgy was employed in making the test specimen[12]. The ingredients' compounded weight 

percentages were modified using the trial and error approach. Every sample consists of two layers of compounded materials, and 
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every layer was mixed individually using hand layup mixture material.After preparing the mould, the first layer was put with a 

uniform distribution and a hand pushing pressure by using the top part of mould, and then the second layer will act. 

 Table 1. Material percentage (%wt) in the composite brake pad material. 

Layers Materials 
Formulations of specimens in weight percentages (% wt)  

 

S1 S2 S3 S4 

1 

Lev palm powder 25 25 20 20 

Phenolic resin powder 40 40 40 40 

Graphite 10 8 10 10 

Nano Alumina Al2O3 0 8 12 0 

Silicon Carbide SiC 0 0 0 12 

Aerosol 15 10 10 10 

Iron 10 9 8 8 

2 

Lev palm powder 30 30 30 30 

Phenolic resin powder 40 40 40 40 

Graphite 8 8 8 8 

Nano Alumina Al2O3 0 0 0 0 

Silicon Carbide SiC 0 0 0 0 

Aerosil 10 10 10 10 

Iron 12 12 12 12 

 

Using a hydraulic cold press, compression moulding machine, a pressing was done with a pressure of 15 MPa at the room 

temperature (see Figure 5) and 20 minutes later, the pressure reduced to (1-1.5) MPa and the hot press hold at 140°C for about 30 

minutes. After that, the plate was cured for 6 hours in the surrounding atmosphere. The plate was created with a dimension of 150 

mm x 50 mm and a thickness of 10 mm. Then, according to ASTM standard protocols, the coefficient of friction ,wear resistance 

and spesific wear rate of these four plates may be determined by tribological testing 

Figure 5. Hydraulic Cold-Hot press 

As illustrated in Figure 6, a dry test pin-on-disc machine was used to analyze the wear rate, specifically the wear rate of the 

sliding contact surfaces of specimens. The tests were carried out in a dry laboratory setting according to the ASTM G99-95 

standard[13].  
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  The specimen was prepared from cutting the plate sample and fixed with a rotating disk specimen with 20 mm dimeter. 

 

Figure 6. Pin-on-Disc Wear Machine  

 

The disk specimen was previously cleaned with acetone before being correctly weighed on a electronic digital scale with accuracy 

of  0.0001 g. The experimental test was done on two type of normal loads of 10 N and 30 N.were applied and the test was repeated 

for varied time 5, 10, 15, 20,25, and 30 minute and then converted to sliding distances. The disc specimen can be rotated with a 

contact radius of 5.5 mm, at a constant speed of 300 rpm. Tool steel with a hardness of 385 HV was used for the pin ball. The 

weight of specimen before and after one route was measured. 

Hardness of the functionally graded composite samples was measured, according to DIN 53505 and ISO 868 using a Shore D 

equipment (Karl Frank GmbH, Type 104, Germany)[14]. Hardness measurements were obtained from multi different points on 

each sample, and then the arithmetic average was taken into account[15]. 

The wear rate (W) was estimated using the following equation from the volume loss resulting from the mass loss of specimen 

[16]: 

 

𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 (
𝑚𝑚3

𝑚
)

=
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠(𝑔)

𝜌(𝑔 𝑚𝑚3⁄ ) ∗ 𝐷𝑆(𝑚)
                                                   (7) 

Where, 𝜌 is the density of material (𝑔 𝑚𝑚3⁄ ) and 𝐷𝑆 is the sliding distance (m). 

The specific wear rate (𝑊𝑠) was also obtained by diving the wear rate on the applied load (10, 30 N) respectively.  

3. Results and Discussion 

3.1. Wear Rate And Specific Wear Rate According Sliding Distance 

Figure 7 depict the sliding distance effect on wear rate, with applied constant load (10 N) and constant speed (300 rev/min). 

Samples S3 and S4 show the nearest behavior regarding the same percentage %w added of nano materials. 

       Figure 8 depict the sliding distance effect on specific wear rate, with applied constant load (10 N) and constant speed (300 

rev/min). Samples S3 and S4 show the nearest behavior regarding the same percentage %w added of nano materials. 
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Figure 7. Wear rate (mm3/m) with applied constant load (10N) and constant speed (300 rev/min). 

 

 

Figure 8. Specific wear rate (mm3/m×N) with applied constant load (10N) and constant speed (300 rev/min). 
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Figure 9. Wear rate (mm3/m) with applied constant load (30N) and constant speed (300 rev/min). 

 

Figure 10 Specific wear rate (mm3/m×N) with applied constant load (30N) and constant speed (300 rev/min). 
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Figures 9 and 10 depict the sliding distance effect on wear rate and specific wear rate respectively, with applied constant load (30 

N) and constant speed (300 rev/min). 

very closely behavior that found with load of 30 N and the pattern similar to previously loaded. stay sample S3 and S4 have nearest 

value.  

Figures 11,12,13,14,15,16,17,18,19,20,21,22,23,24,25 and 26 depict the sliding distance effect on wear rate and specific wear rate 

comparison between experimental and theoretical result in each sample and with different load applied once 10 N and other 30 N. 

  

Figure 11. Wear rate of S1 Experimental and Theoretical applied 

to 10 N load. 

Figure 12 Wear rate of S1 Experimental and Theoretical 

applied to 30 N load. 

  

Figure 13. Wear rate of S2 Experimental and Theoretical applied 

to 10 N load 

Figure 14. Wear rate of S2 Experimental and Theoretical 

applied to 30 N load. 

  

Figure 15. Wear rate of S3 Experimental and Theoretical applied 

to 10 N load 

Figure 16. Wear rate of S3 Experimental and Theoretical 

applied to 30 N load. 
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Figure 17. Wear rate of S4 Experimental and Theoretical applied 

to 10 N load 

Figure 18. Wear rate of S4 Experimental and Theoretical 

applied to 30 N load. 

 

  

Figure 19. Specific wear rate S1 Experimental and Theoretical 

applied to 10 N load 

Figure 20. Specific wear rate S1 Experimental and Theoretical 

applied to 30 N load 

  

Figure 21. Specific wear rate S2 Experimental and Theoretical 

applied to 10 N load 

Figure 22. Specific wear rate S2 Experimental and Theoretical 

applied to 30 N load 
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Figure 23. Specific wear rate of S3 Experimental and Theoretical 

applied to 10 N load 

Figure 24. Specific wear rate S3 Experimental and Theoretical 

applied to 30 N load 

  

Figure 25. Specific wear rate of S4 Experimental and Theoretical 

applied to 10 N load 

Figure 26ss. Specific wear rate of S4 Experimental and 

Theoretical applied to 30 N load 

 

Table 2 and 3 show the parameter for wear rate and specific wear rate respectively in experimental and theoretical results, with a 

constant load of 10 N and constant speed of 300 rpm.  

Table 2. The wear rate values of the used parameters of pin-on-disc wear test and theoretical results. 

Time (s) SD =s*t (m) Wear rate (mm3/m)  

  S1 S2 S3 S4 

  Theo Exp Theo Exp Theo Exp Theo Exp 

300 52.31 0.00008 0.00417 0.00006 0.01546 0.00006 0.02291 0.00008 0.0026 

600 104.6 0.00015 0.00209 0.00011 0.00154 0.00012 0.00215 0.00015 0.0026 

900 156.9 0.00023 0.00139 0.00017 0.00206 0.00018 0.00286 0.00023 0.00087 

1200 209.23 0.00030 0.00069 0.00023 0.00077 0.00024 0.00036 0.00030 0.00033 

1500 261.54 0.00038 0.00056 0.00029 0.00062 0.00030 0.00029 0.00038 0.00026 

1800 313.84 0.00046 0.00069 0.00034 0.00052 0.00036 0.00024 0.00046 0.00022 
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Table 2. The specific wear rate values of the used parameters of pin-on-disc wear test and theoretical results. 

Time 

(s) 

SD 

=s*t 

(m) 

Specific wear rate mm3/m*N 

  S1 S2 S3 S4 

  Theo Exp Theo Exp Theo Exp Theo Exp 

300 52.31 0.000008 0.00042 0.000006 0.00155 0.000006 0.00229 0.000008 0.00026 

600 104.6 0.000015 0.00021 0.000011 0.000151 0.000012 0.00021 0.000015 0.00026 

900 156.9 0.000023 0.00014 0.000017 0.000206 0.000018 0.00029 0.000023 0.000087 

1200 209.23 0.000030 0.000069 0.000023 0.000077 0.000024 0.000036 0.000030 0.000033 

1500 261.54 0.000038 0.000056 0.000029 0.000062 0.000030 0.000029 0.000038 0.000026 

1800 313.84 0.000046 0.000069 0.000034 0.000052 0.000036 0.000024 0.000046 0.000022 

 

 

In Figures.7,8 the wear rate and specific wear rate shows a ‘decreasing -steady state' pattern. For the four distinct pad brake material 

samples, i.e., S1, S2, S3 and S4. The development of cold welding and rupture of asperities on the raw brake pad surface might 

have caused the rising trend wear at the commencement of the adhesive dry test. As a result, Because the detached asperities were 

imprisoned between the sliding surfaces, there was a high relative motion resistance, i.e. a high friction coefficient. As a result, 

the temperature of the interfaces increased during the test, [5][17] also found similar findings. It was discovered that the test 

specimen's uneven surface can lead to the formation of a third body between the interfaces. Those third entities can help with film 

transfer onto the sliding counter face by moving between the interfaces in a circular or linear motion. During the adhesive dry test, 

this raised the friction coefficient, resulting in a considerably higher contact temperature. When the contact temperature was raised, 

the friction coefficient of all friction materials began to decrease as a result of frictional heating, or fade. On the contrary, for the 

three distinct brake pad material samples, there was evidence of a ‘running in' phase of wear rate. The wear rate decrease, and 

reached to a semi steady state wear rate after 314 sliding distance in meter unit or after 1800 seconds, the pattern of variations in 

wear performance for the three brake pad material samples shows the similar behaviours. Similar reasons were provided in [18], 

emphasizing the consistency of the above-mentioned explanations. the properties of lev palm and the abrasive nano alumina that 

is used in this work make a simultaneous phenomenon to reach to a steady state wear rate. Three body asperities, the rise in 

temperature and the properties of lev palm smoothing make a filling in the surface of contact, so in the result the friction surface 

increased and the wear rate decreased. 

 

3.2. Wear Resistanse According to Sliding Distance 

 Table 4 show the parameter for wear resistance with experimental and theoretical results, with a constant load of 10 N and 

constant speed of 300 rpmand the Figure 27 display the experimental phenomena of wear resistance with sliding distance.   
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Figure 27. wear resistance (m*N /mm3) with applied constant load (10 N) and constant speed (300 rev/min). 

 

Table 3. The wear resistance values of the used parameters of ball-on-disc wear test. 

Time 

(s)  SD =s*t (m) wear resistance (m*N /mm3) 

 

0 0 S1  S2 S3  S4 

300 52.31 239.6 64.7 43.6 382 

600 104.6 479.1 646.6 465.6 382. 

900 156.9 718.7 485 349.2 1146.5 

1200 209.23 1437.3 1293.2 2793.4 3057 

1500 261.54 1796.6 1616.5 3491.7 3821 

1800 313.84 1437.3 1939.8 4190.1 4586 

 

The wear resistance in S3 and S2 was increased than S1 by 191% and 35% respectively, the added of nano alumina was cleared 

effect on wear resistance finally. Figure 14 show the percentage increase of wear resistance.  
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Figure 14. Wear Resistance increase % (m*N /mm3) 

4. Conclusions 

Under dry sliding, the effects of sliding distance and the load of pressure contact on the wear rate for three samples were 

investigated. Pin on disc experiments have been used to investigate the various elements of brake pad material dry sliding wear, 

cold and hot hydraulic press machine illustrated to make a sample to be test as a FGMs composite pad break, a lev palm is a new 

filler and reinforcement materials that to be used in this work. The following are the study's and evaluation's conclusions:    

(1) When sliding distance was taken into account, the wear rate for all samples showed a ‘’decreasing -steady state’’ pattern. 

In comparison to the others, S3 had the highest wear rate resistance. 

(2) When sliding distance was taken into account, the specific wear rate for all samples showed a ‘’decreasing -steady state’’ 

pattern. In comparison to the others, S3 had the highest specific wear rate resistance. 

(3) The lev palm is very useful to be used as a filler and a reinforcement material to pad break, because of the unique property 

and the permission to contain the asperities to increase the wear rate resistance and the specific wear rate with sliding 

distance to reach the steady state trend. 

(4) Wear rate of S1 was found less than S2 and S3, by (34%, 191%), (S1< S2 < S3) due to the effect of adding more lev palm 

and nano alumina %W to sample, and by taking into consideration that S3 have the highest percentage % weight of nano 

alumina than S1 and S2.  

(5) Specific wear rate of S1 was found less than S2 and S3, by (34%, 191%), (S1< S2 < S3)  due to the effect of adding more 

lev palm and nano alumina %W sto sample, and by taking into consideration that S2 have the highest percentage % weight 

of nano alumina than S1 and S2. 

(6) Wear resistance increased in S3 about 116% than S2 and about 191% than S1, and the wear resistance in S2 is increased 

by 35% than S3, and this increasing issue is regarding the added of nano alumina and ideal mixed percentage weight 

between the lev palm and nano alumina. 

(7) Finally, the equation derived from the Buckingham Pi model mostly applies to non-metallic materials. Sliding speed has a 

significant impact on wear volume. The greater the speed, the greater the wear mass rate. The hardness and density of the 

material impact the wear-speed coefficient as a result of the equality process in the Buckingham Pi model. 

(8)  The best sample that has been investigated is the S3, have the best wear rare, specific wear rate, Hardness and the best 

wear resistance.  
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