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ABSTRACT 

Friction and wear are two major factors that affect the service life of disc brakes. 

Carbon-carbon (C/C) composite materials have superior and stable friction 

properties, which make them suitable for use as friction materials in aircraft and 

high-performance brakes. This article presents a wear simulation method for 

predicting wear out amount of C/C brake discs under specified operating conditions. 

An updated version of Archard's wear equation is used in the contact domain to 

predict the wear progression of the friction surfaces. COMSOL Multiphysics®5.5 is 

used to simulate wear by solving the governing differential equations. Frictional heat 

generation is simulated by considering the effects of heat on the material's thermal 

properties and resulting surface deformation. Element removal technique is used to 

simulate the change in disc thickness due to material loss. The wear progression with 

time is presented, and the wear model is verified using experimental work from the 

literature. 
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INTRODUCTION 

Product service life is often limited by the loss of material from its surfaces, this 

process is defined as wear, [1]. Wear occurs when two surfaces rub against each other, 

causing frictional heat generation, deformation, and the presence of contaminants 

and wear debris. These factors make it difficult to accurately model wear criteria, [2, 

3]. However, significant research has been conducted to develop wear models that can 

describe different wear modes [4] able to forecast wear rate of materials and 

components and to design products that are more resistant to wear. 
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Archard’s predictive equation has been widely used and cited in many scientific 

research papers, [1, 8 - 10], as the first model to use dimensional analysis to describe 

the phenomenon, [5, 6]. The model depends on several parameters, such as the applied 

pressure on contact surfaces, sliding areas, and material hardness, [7]. However, 

there is no single predictive wear equation that can be universally applied to all cases, 

[11, 12]. Therefore, many researchers have used finite element simulation to study the 

sliding wear under different conditions. For example, Molinari et al, [13], used a finite 

element model based on a modified Archard’s wear equation to study the dry sliding 

wear. Other studies, [14 - 16] have also simulated the wear behavior of various 

materials using different models. 

 

Carbon/Carbon disc brakes use carbon fiber reinforced carbon matrix composites as 

friction material. They are widely used in military aircraft because it is lighter and 

stronger, with higher thermal conductivity and lower thermal expansion, better 

friction and wear properties, and lower oxidation and corrosion rates, which make 

them more durable and resistant to harsh environmental conditions. 

 

Tribological behavior of Carbon/Carbon composite studies investigating several 

parameters such as applied load, [8], sliding speed, [17], sliding distance, [18], fiber 

orientation, fiber type, fiber size and length [19], heat treatment process [20] and 

construction of the disc brake, [21]. Carbon/Carbon composite disc brakes are used 

in both hypercars, jet fighters and commercial aircrafts, [17, 18, 22-24].  

 

This research project demonstrates how mission engineering and digital twins can 

work together to develop an aircraft braking system while adopting wear problem 

with a mission engineering in focus. The digital twin was built using COMSOL 

Multiphysics® to integrate relevant wear models and multiphysics simulations with 

braking strategy, airplane configuration, the environment, the mission objectives, 

and the adversaries to represent the physics relation to safety, lifetime, and speed.  

 

Using COMSOL Multiphysics software the finite element wear model is a result of 

the interaction of five modules, 1) tabulated mission parameters, 2) multi-body 

dynamics to simulate the contact pressure between the stator and rotor discs, 3) Wear 

rate calculation, 4) Heat transfer due to friction, 5) Solid mechanics to simulate the 

mechanical stresses in the disc during braking. After each solution time step, the 

model updates braking disc thicknesses after weight loss due to wear.  

 

 

WEAR MODEL SIMULATION 

Wear Modified Equation 

Archard’s wear law relates the object thickness change rate (material loss) to wear 
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coefficient, 𝐤, sliding velocity, 𝐯(𝐭), and contact pressure, 𝐩(𝐭), [1, 5, 17, 19]. 

The height variation of the discs is an indication of material wear and is expressed in 

the simulation problem as: 

 
∆h

∆t
= k p(t) v(t) (1) 

 

Wear Modeling Procedure 

The tribology digital twin process is carried out as shown in  

Fig. 1. The procedure starts by simulating the physics of contact mechanics of the 

finite element model which includes modelling the brake discs geometry in contact, 

utilizing material properties and applying boundary conditions. The status of each 

node on the sliding surface is determined by the solution of the contact problem, 

which updates with each time step according to the contact pressure at each surface. 

 

Modified Archard’s Wear Equation is used to simulate the wear process as an 

ordinary differential equation, inside the model where the sliding velocity of every 

local element is known and consequently the reduction in thickness of the discs can 

be calculated. The shape of the contact surface changes over time due to progressive 

boundary updates due to material removal. However, with the applied pressure and 

the incremental wear, the contact surface is averaged to smooth the curve for the 

upcoming iteration. The depth of discs wear frictional contact surfaces is calculated 

as the median of local value of vertical boundary displacement at every surface node. 

When a certain film of the material is removed, presented as thickness reduction, 

because of wear modeling the model starts to update the geometry with the new height 

and calculate the distribution for the contact pressure. Elements of the surface film 

of each contact surface are removed from the finite element model according to the 

amount of material loss at this wear iteration. The new geometry mesh is regenerated 

to calculate and simulate the contact pressure and wear process. This operation is 

done in a closed loop till the end of the braking process, [2, 21, 25]. 

 

The mission parameters as well as the heat transfer solution are integrated into the 

simulation model to calculate the heat generated during braking and the temperature 

distribution, respectively. The heat affects the wear rate of the discs by causing 

thermal stresses, reducing the friction coefficient between the stator and the rotor, 

which can decrease the braking efficiency and increase the wear rate. The last 

parameter is the rise in temperatures that tends to oxidize and corrode the disc 

surface, which can degrade the disc quality and increase the wear rate.  
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Fig. 1 Aircraft brake digital twin chart. 

 

AIRCRAFT BRAKE DIGITAL TWIN 

Aircraft brake system consists of stationary discs fixed to the landing gear and 

rotating discs that are attached to the wheels as shown in Fig. 2. When the brakes are 

applied, hydraulic/mechanical or pneumatic pressure pushes the discs together, 

creating friction and normal force that generates the torque needed to reduce the 

aircraft velocity. 
 

 
 

Fig. 2 Aircraft brake assembly. 

 

Disc Brake Model Geometry, and Assumptions. 

In this case, the aircraft brakes consist of seven discs, as shown in Fig. 3. Three 

rotating discs are surrounded by four stationary discs. The actuating system applies 

an axial force to the disc set. This model is simulated as a 2D axisymmetric problem 

without sacrificing accuracy. The braking pressure is equivalently distributed on the 

pressure plate surface. Fixed boundary conditions are used in the back pressure plate. 
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The wheel hub, oil piston master, housing and wheel spindle are neglected in the 

simulation model. The Carbon/Carbon composite disc brake material is assumed to 

be quasi-isotropic in mechanical and thermal properties. Each film removed by wear 

has a uniform small thickness compared to the thickness of the disc laminates. Also, 

the disc thickness variation due to temperature is neglected due to the intermittent 

nature of the braking process and the low thermal expansion coefficient of the 

material.  
 

 
Fig. 3 2D Axi-symmetric aircraft brake model of friction surfaces. 

 

All the discs are made from the same material with the same manufacturing process. 

Both the stator and the rotor discs have the same dimension also the back plate and 

the end plate have the same dimension, as these two discs need only a single friction 

surface are shown in Table 1. Carbon-carbon composite isotropic material properties, 

[25] are shown in Table 2. 
 

Table 1. Disc brake dimensions 

Disc type Inner diameter 

(mm) 

Outer diameter 

(mm) 

Thickness 

(mm) 

Stator and rotor discs 82.5 149 20 

Backplate and end 

plate 

82.5 149 13 

 

Finite Element Model 

A 2D axisymmetric model is built using COMSOL Multiphysics® to solve wear of 

carbon/carbon composite brake discs wear, where the friction contact surfaces are 

the heat sources, and the material loss surfaces during braking. Solid mechanics 

physics is used to define the pressure applied by the braking system to the pressure 

plate and the fixed constraint on the boundary of the back plate. Six contact pairs are 

defined for six friction surfaces, as shown in Fig. 3: FS1, FS2, FS3, FS4, FS5 and FS6. 
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Table 2. Carbon-Carbon composite material properties 

Properties Units Disc 

Material Density kg/m3 1800 

Laminate Longitudinal Young’s Modulus, 

Ex 

GPa 50.9 

Laminate Transverse Young’s Modulus, Ez GPa 5.89 

Poisons ratio, υrϴ  0.3 

Transverse Poisons ratio, υrz  0.33 

Modulus of Rigidity, Grz GPa 2.46 

Radial coeff. Of Thermal conductivity, kr W/mK 50 

Transverse coeff. Of Thermal conductivity, 

kz 

W/mK 10 

Specific Heat, Cp J/kg.K 1420 

Radial Thermal expansion, αr (10-6/K)  0.31 

Transverse Thermal expansion, αz (10-6/K)  0.29 

 

A modified version of Archard’s Wear Equation is used to detect material losses by 

solving it for each friction surface. The result gives an indication of the depth of wear 

for every element. Refined mesh was used on the surface to enhance the results as 

shown in Fig. 3. 
 

 
Fig. 4 2D Axisymmetric brake system mesh build. 

 

Mission Parameters, Braking Torque and Heat Dissipation  

In any mechanical system, the heat dissipated to stop or slow down the vehicle is 

equivalent to the energy extracted from the system. The mechanical equivalent of heat 

is equal to the change in kinetic energy during braking interval and also the work 

added to the system if presented. 
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In the case of stopping aircraft, the total energy can be calculated as: 

 

E =
1

2
 N I ω2 +

1

2
 m v2 + Wa    (2) 

 

W = ∆E = ∆KE + Wa    (3) 

 

Where E is the total energy, 𝝎 is the angular velocity, m is the total aircraft mass , I 

is the wheel mass moment of inertia, N the number of wheels, W is the total work for 

stopping the vehicle, 𝐖𝐚 represents the work added to the system whatever it is 

positive or negative work [26]. 

 

The kinetic energy generated by wheel brake discs’ rotary movement is frequently 

insignificant in comparison to the kinetic energy generated by translation [26] thus, 

the brake retardation power is evaluated by the first derivative of the vehicle kinetic 

energy: 

 

𝐏 = −𝐦 𝐯(𝐭) 𝐚(𝐭)    (4) 

 

Where, m, is the total aircraft mass, v(t) is the aircraft speed, and a(t) is the 

deceleration. 

The heat power per unit area is obtained from the following equation: 

 

𝐪 = 𝛍(𝐭) 𝐏 𝐯(𝐭)  (5) 

 

Where, q, is the heat power of friction surfaces per unit area, P is the specific pressure 

between brake discs, 𝐯(𝐭) is the aircraft speed and 𝛍(𝐭) is the friction coefficient 

during braking. 

 

Heat flow between discs is governed by the heat equation which describes the heat 

flow between discs as shown: 

  ρ Cp
∂T

∂t
+ ∇(-k∇T) =

ρ Cp v∆T   
(6) 

 

Where 𝑪𝒑 is the heat capacity of the disc material, 𝝆 the density of the disc material, 

k is the thermal conductivity of the disc material and v is the local velocity vector of 

the discs [2, 3, 27]. During aircraft braking, the air is forced toward the brake discs 

with a velocity assumed to be the same as the aircraft velocity. This acts as forced 

convection which works on dissipating the heat energy due to braking. To account for 

heat dissipated to the ambient environment, heat transfer by forced convection is 

defined on all boundaries and is calculated as: 

 

𝐪 = 𝐡 (𝐓𝐞𝐱 − 𝐓) (7) 
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Where q is heat flux across the surface due to forced convection, h, is the convection 

heat transfer coefficient, 𝐓𝐞𝐱, is external surface temperature and T is the ambient 

temperature [2, 3, 27]. Heat is dissipated to the surrounding by radiation and is taken 

into consideration for all the discs’ boundaries as 

 

𝐪 = 𝛆 𝛔 (𝐓𝐬𝐮𝐫
𝟒 − 𝐓𝟒) (8) 

 

Where, 𝜺 , is the emissivity, 𝝈  is the Boltzmann constant, 𝐓𝐬𝐮𝐫 𝐚𝐧𝐝  T are the 

temperatures of the discs and surrounding [2, 3, 27]. Work done to stop the aircraft 

is converted into heat between the friction surfaces. The braking torque required to 

slow down the aircraft at constant deceleration is related to the total work done in 

stopping the aircraft 

 

𝐖 =
(𝛚𝐨 + 𝛚𝐟)

𝟐
 𝐓 𝐭 (9) 

 

Where, T braking torque, 𝛚𝐨 is the initial angular velocity, 𝛚𝐟  is the final angular 

velocity and t is the braking time. The braking pressure is the main cause of the 

braking torque as the pressure plate compresses the discs with certain pressure 

resulting in braking torque and this torque can be calculated as: 

𝐓 =
𝟐 𝐧

𝟑√𝟑
 𝛍 𝐏 𝐫𝐨

𝟑  (10) 

 

Where, n is number of contact surfaces, 𝛍 is the disc friction coefficient, P is the 

contact pressure and ro is the outer radius of the brake disc, [26]. 

 

Practical Case Study 

An F-16 aircraft landing guidelines will be simulated. Table 3 presents the aircraft 

mass, landing speed, deceleration rate, environmental temperature, braking time, 

braking pressure calculated from the braking torque and energy change to stop the 

aircraft.  

 

The landing weight of a military aircraft determines its landing velocity, which in 

turn affects the braking strategy. This study defines two membership functions for 

velocity and deceleration, and explicitly defines the braking pressure based on these 

functions. The results are shown in Fig. 5 and Fig. 6. 
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Table 3. Aircraft braking conditions 

Material property  disc Units 

Aircraft Mass mplan 9000 Kg 

Wheel Radius rwheel 0.352 M 

Initial Aircraft Touch-Down 

Speed v0 260 km/hr 

Initial Vehicle Acceleration a0 

-

3.611 m/s2 

Air Temperature Tair 300 oK 

Braking Time (Start) tstart 1 S 

Braking Time (End) tend 21 S 

Wear Coefficient K 

7×10-

14 Pa-1 

Braking Pressure P 0.`7 MPa 

 

  

Fig. 5 Aircraft braking velocity.  Fig. 6 Aircraft braking deceleration.  

 

Wear coefficient measurement 

The experimental test, according to ASTM D3702, is to determine the friction 

coefficient and wear rate of self-lubricated materials in rubbing contact. The test was 

performed using a universal thrust washer testing machine, which applies a normal 

load to a rotating specimen. The wear rate is determined by measuring the change in 

thickness of the specimen over time, and the coefficient of friction is determined by 

measuring the torque required to rotate the specimen.  

 

The test machine rotates a test specimen against a stationary steel washer under a 

load. Each test begins with a 40-hour break-in period, followed by a selected test 

duration. Both the break-in period and the test duration are conducted at the same 

normal load and speed. The load is applied by dead weights on a 10:1 lever arm. The 
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contact area is 1.8 cm2. The mean rubbing velocity is calculated based on the spindle 

rotational speed. For example, a spindle rotational speed of 1000 rpm is equivalent to 

a mean rubbing velocity of 1.6 m/min. 

 

The geometries (in mm) of the rotor and stator test specimens are shown in Error! 

Reference source not found. (a) and Error! Reference source not found. (b). The holes (1 

and 2) in Error! Reference source not found. (b) show the fixations holes for both the 

rotor and the stator test specimens. 

 

Experiments were performed at room temperature with relative humidity of 45 % to 

55 %, using the following testing parameters: an applied load of 0.7 MPa, a rotating 

speed of 1910 rpm, and a testing time of 12 minutes. 

 

A thermocouple installed within 2 mm under the friction contact surface of the stator 

test specimen was used to measure the temperature, as shown in Error! Reference 

source not found.. Friction torque was also measured during the experiment, and the 

coefficient of friction was obtained from these measurements. The weight loss was 

measured using a weighting balance of 10-4 grams resolution. The experiment was 

repeated three times, and the weight loss was measured three times and averaged for 

each experiment.  

 

 

Fig. 7 Geometry of (a) Static specimen, (b) Rotating specimen. 

The average of the coefficient of friction is found to be 24.3x10-2 and the wear 

coefficient is detected depending on Archard’s wear equation and is found to be 7e-
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14. Many researchers represented the friction coefficient value as a constant value, 

[2, 3, 25, 29]. The friction coefficient was represented in the simulation as a tabulated 

temperature-dependent function reflecting the measured friction coefficient values 

presented in Fig. 8 as a function of temperature. 

 

During testing, as shown in Fig. 8, Carbon/Carbon composite materials had 

transitional change at temperature of 150oC where the friction coefficient increases 

abruptly from 0.1 to 0.6 and then decreases to 0.25. This transition occurred when the 

removed abrasive particles start to affect both friction surfaces. By increasing heat 

and under the applied pressure, these abrasive particles will form a fine lubricant 

layer of powder reducing the friction coefficient which will act as lubricant between 

both surfaces. This phenomenon gives the C/C composite material the advantage of 

self-lubricating to reduce the material loss due to friction and these results were 

matched with Blanco, [19]. 

 
 

 
Fig. 8 Temperature, coefficient of friction vs time. 

 

Wear model validation 

Wear model validation test specimens is tested at two speeds, 1400 rpm and 2000 rpm. 

A braking pressure of 1.7 MPa is applied. The results showed that the time required 

to stop a rotor specimen with speeds 1400 rpm and 2000 rpm were 26 sec and 40 sec, 

respectively. The coefficient of wear is calculated using Archard’s wear equation, as 

the weight loss can be calculated by weighing the test specimens before and after the 

test [8, 28]. 
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   𝐤

=
∆𝐕

𝐅 𝐯 𝐭
                 

(11) 

 

Where, ∆𝐕 is the wear volume, F applied load, 𝐯, sliding velocity, and t is time. 

Similar results were obtained by Zhao [2] for weight loss and wear coefficient. Similar 

measurements are shown in Table 4 for the weight loss validated with Lee et al, [23], 

work. The value of the wear coefficient of 4.69E-14 Pa-1 obtained experimentally is 

used in the COMSOL Multiphysics model as a parameter in Archard’s Wear 

differential equation solver to predict the amount of wear for aircraft brakes. 

 

Table 4. Weight Loss and Wear Coefficient Measurements  

 Weight Loss (mg) Wear Coefficient Pa-1 

Sliding Speed (rpm) 1400 2000 1400 2000 

Lee et al [23] 1 2   

Zhao [2] 0.985 1.972 4.73E-

14 

4.3E-14 

Current Study 1.05 2 4.69E-

14 

3.82E-14 

 

RESULTS AND DISCUSSION 

The model was designed to simulate the actual braking process. When brake pressure 

is applied, it causes friction and heat production, which leads to material loss. The 

contact pressure between the friction surfaces is not constant throughout the braking 

process, even though the braking pressure applied to the discs is constant. The contact 

pressure between the friction surfaces is non-uniformly distributed across the contact 

area, with the highest pressure at the center of the friction surfaces and decreasing 

towards the edges of the discs. This is illustrated in Fig. 9. 
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Fig. 9 Pressure distribution between contacting surfaces at t = 11sec. 

 

Fig. 10 shows the contact pressure over the disc radius for friction surface number 6 

(FS6) during the braking operation where the pressure distribution changes with time 

for the single friction surface. The pressure value progresses from the center to the 

end of the disc, these changes affect material loss and surface morphology. That is 

referenced by the radial variation of contact pressure.  

 

By representing pressure distribution for friction surface at different times as shown 

in Fig. 12 it can deduced that pressure distribution is changing during braking for all 

friction surfaces. Irregular decreases in contact pressure are perceived at the inner 

and outer radii, which indicate a loss of contact or diminished contact. These changes 

are due to the temperature effect on the disc brake material where the discs’ 

temperature increase due to heat generation and friction between the discs. This 

increase in temperature also affects the material properties. 
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Fig. 10 Friction surface #6 Contact 

pressure vs. disc radius at different test 

time instances. 

Fig. 11 Friction surface #2 Contact 

pressure vs. disc radius at different 

test time instances. 

 

The outer discs with friction surfaces 1, 2, 5 and 6 exhibit less temperature rise due 

to healthier heat dissipation to the surrounding. The middle rotor disc with friction 

surfaces 3 and 4 exhibit higher temperature rise, which affects the thermal 

deformation, contact pressure and the wear rate on those discs. The discs’ 

temperature distribution at t = 21 sec. is higher rotor disc mid-point at the friction 

surfaces 3 and 4, while it has a lower value at the pressure plate and end plate as 

shown in Fig. 12. 

 

  

Fig. 12 Disc temperature distribution 

at end of braking process. 

Fig. 13 Temperature vs. disc radius for 

Friction surface #3 at t = 11sec. 

 

Also, the non-uniform temperature distribution on the disc surfaces as shown in Fig. 

13 can be attributed to the non-uniform contact pressure on discs. That will have a 

great effect on the discs deformations and consequently the wear. The lower 
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temperatures of the inner and outer radii (disc ends) of the annular discs in 

comparison to the interior friction surfaces at the middle of the disc. This may be 

attributed to heat dissipation. The outer surfaces of the discs show lower 

temperatures due to better heat dissipation to the system surroundings by thermal 

convection and radiation. 

 

Wear depth is illustrated in Fig. 14 for the contact surfaces at t = 21 sec during the 

braking process of the aircraft. It can be seen that the wear depth is not uniform, this 

may be attributed to the non-uniform contact pressure and the variation of sliding 

velocity along the disc radius. It can be inferred that the wear depth increases when 

moving from the inner radius to the outer radius as the sliding speed increases near 

to the outer radius. At the end of the braking process, the largest value of wear is 

14.7 µm. This is consistent with Archard’s wear equation, as the contact pressure 

and the sliding speed, affect the friction surface wear amount. 

 

Fig. 15 shows the wear depth of selected elements on friction disc #1 along the radius 

of the disc brake. The wear depth is not uniform across the disc friction surface. An 

average value of the nodal wear is calculated and used in the element removal 

technique for future iterations. 

 

The wear depth of material during the whole braking process for friction disc#1 in 

one-second increments is presented in Fig. 16. It showed that, the wear depth 

increases with time, where the value increases along the disc radius from inside out. 

This may be attributed to the increase of the sliding toward the edge. The wear depth 

slope is decreasing because the sliding velocity is decreasing with time (braking 

process). Frictional heat generation and wear amount will also decrease as the sliding 

speed is decreasing as explained by the reduction of aircraft speed. 
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Fig. 14 Wear depth for contact surfaces 

at t = 21 sec. 

Fig. 15 Friction surface #1 wear 

progression vs. disc radius at t = 20 

sec. 

 
Fig. 16 FS1 wear depth variation vs time during braking operation. 

 

CONCLUSIONS 

The braking problem simulation models frictional heat generation and heat 

dissipation by forced convection and radiation. This affects the friction coefficient, 

contact pressure, and wear amount. Material removal is used to update the surface 

geometry and remeshing. Material wear rate graphs show that wear increases near 

the disc outer radius as sliding speed increases. This can be used to anticipate braking 

disc lifetime based on braking strategy and environment. A mission engineered digital 

twin of the wear phenomena of Carbon/Carbon composite multidisc aircraft brake 

was built and validated based on a modified version of Archard’s Wear Equation. 
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