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ABSTRACT – Physical properties at different scales 

significantly affects the material properties for various 

applications. Multidimensional information of a piece of 

material is usually obtained with different characterization 

techniques, which make it difficult to get different 

information from the same location.  It this study, brake 

material is used as an example to illustrate the benefits by 

characterizing its surface at different scales with different 

properties. The properties measured include surface texture 

and mechanical properties at different scale. We have 

demonstrated a characterization chain to link the different 

properties with the final material behaviours, making us 

understand the material better.  

 

1. INTRODUCTION 

Many physical and chemical processes happen at 

the interface. The properties of material surface 

determine these processes, for example, the tribo-

corrosion process is determined by the work function, 

surface texture, hardness, hydrophobicity, and chemical 

composition of the environment. In the field of tribology, 

surface properties, including surface texture and 

mechanical properties and their distribution, are 

especially important. This topic has been reviewed in 

details [1]. To tailor the friction behaviour of a surface, 

anti-friction behaviour has been demonstrated by 

patterning surface with DLC and Si-DLC coatings [2]. 

In addition to macroscopic behaviours, tribology has 

been studied at different scales. For example, anisotropic 

behaviour is observed at nanoscale, while isotropic 

behaviour is shown at macroscale. The macroscopic 

tribological behaviours are derived from the averaging 

effect of anisotropic topography and lattice orientation 

[3]. Therefore, characterizing the surface at different 

scales with a series of methods is required to understand 

the tribological behaviours of materials. However, it is 

not trivial to establish correlation among the information 

obtained from different methods. In this paper, brake 

material is used as a reference sample to show how the 

information from different aspects are used to 

understand its tribological behaviours. Instead of 

studying a full-size brake as in SAE standard, we 

measured different properties of a part of brake with 

pattern and steel samples with tribometer, µ-EDXRF, 

micro-hardness, nano-indentation, AFM and white light 

interferometry (WLI). As shown in Figure 1, tribometer 

obtained the averaging tribological behaviours. Micro-

hardness, nano-indentation and AFM obtained 

mechanical properties at different scales. µ-EDXRF 

obtained the element distribution at micro-meter scale. 

WLI obtained the surface texture and strains with a 

resolution close to the optical diffraction limit, i.e. 

hundreds of nanometers. All the information is 

important for understanding the macroscopic 

tribological behaviours. The characterization chain built 

for brake studies can be easily extended to other 

tribological studies. 

 

 
Figure 1 Characterization chain for multidimensional 

property measurements from nanoscale to macroscale. 

  

2. METHODOLOGY 

Brake was cut to circular samples of ø12.7 mm for 

tribometer test (TriboLab, Bruker Inc.) following the 

SAE J2522. Steel samples were prepared with 

15mm×15mm square for other tests. The geometry of 

steel sample was measured at the same location before 

and after isostatic pressing by WLI (Contour GT, Bruker 

Inc.). Then the local strain was calculated by subtracting 

these two geometries. Hardness and modulus of the steel 

samples were measured by Nanoindentation (Hysitron 

TI980, Bruker Inc.). The modulus at nanoscale was 

obtained by AFM with QNM mode (Dimension ICON, 

Bruker Inc.). 

 

3. RESULTS AND DISCUSSION 

Tribology of brake was tested at reduced scale. 

Figure 2a shows a typical test profile. Other parameters 

are compliant with SAE J2522 [4]. As shown in Figure 

2b, COF of each steps (Green µ, Burnish, Characteristic 

value 1 and 2, Speed/Pressure sensitivity µ, Cold µ, Fade 

1, Recovery 1, as per SAE standard) showed good 

correlation with industry standard within 10% deviation. 

There are five key parameters need to be considered 

when simulating tribology test at reduced scale. Contact 

geometry should be the same (plane-to-plane at brake). 

The contact area should be larger than non-homogenous 

nature of materials (0.5mm at brake material). The 

contact pressure, motion type and environment should 

be simulated as exactly as possible. TriboLab simulated 
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the aforementioned parameters very well, which is the 

reason for good correlation. 

No matter SAE full size test or TriboLab reduced 

size test, only averaging results of brake materials are 

obtained. To understand the mechanism of brake 

tribology and develop new brake materials, the local 

properties of brake materials should be addressed.  

 

 
Figure 2 Tribology studies of a part of brake. a) Typical 

test profile, b) COF comparison between TriboLab 

(UMT) and Dynamometer. 

 

WLI can be used to visualize the topography of 

brake material before and after tribology test. As shown 

in Figure 3a, the brake is designed with special pattern, 

which facilitates the flow of lubricant and removal of 

debris. The bearing curve, as shown in Figure 3b, is the 

area of a surface intercepted by a plane parallel to the 

mean plane of the surface. It is used to show the height 

distribution of a surface. There are typically three 

segments in a bearing curve. The peak segment 

represents the peaks on the surface, which contributes 

the running-in behaviour during tribology test. The 

valley segment represents the valleys on the surface, 

which contribute to the fluid retention and debris 

removal behaviour. Besides these two segments, there 

are core bearing segments, which represents the main 

bearing area during tribology test as they are named. 

Pattern surface has more than one core bearing segment 

usually. Figure 3b contains two core bearing segments. 

Only the left segment bears load during tribology test. 

The height difference between these two segments and 

the area percentage of left segment can be used to 

characterize patterned brake. After the running-in period 

of a tribology test is passed, the peak segment of bearing 

curve is reduced accordingly. Figure 3c and 3d show the 

bearing curve of intact and worn contacted surface of 

brake. The peak segment is reduced for a worn surface. 

So is the valley segment, which is the result of filling 

debris into the valleys of the brake surface. As expected, 

the core bearing area is increased, which reduces the 

stress of brake material at the same load. It means the 

brake undergoes a stable wear period with lower wearing 

rate. 

The anisotropy of the brake surface is also 

important since the friction direction of a brake is 

tangential. The anisotropy of the brake topography is 

quantified by cross-hatch analysis of Vision64 software 

as shown in Figure 3e. this result is related to lubrication 

flow and debris removal. 

 

 
Figure 3 Topography analysis of brake by WLI. a) 

Patterned surface of a brake, b) Bearing curve of the 

patterned surface, c) and d) Bearing curve of intact and 

worn contacted area, e) Anisotropy analysis of 

patterned brake surface. 

 

In addition to surface texture, the phase distribution 

in brake material affects its tribological behaviour 

significantly. In this paper, we show how to use 

microscale strain analysis to visualize the phase 

distribution. Compared with other phase contrast 

imaging techniques, microscale strain analysis provides 

information directly affecting tribological behaviours. 

WLI provides lateral resolution of sub-micrometer and 

vertical resolution of sub nanometer. The lateral and 

vertical resolutions are ideal for microscale strain 

analysis.  Figure 4 shows the microscale strain 

distribution after isostatic pressing, which was obtained 

by subtracting two surface textures at the same location. 

In the microscale strain image, the stripes with a period 

of several micrometers are clear shown. 

 

 
Figure 4 Strain mapping of a piece of steel after 

isostatic pressing. 

 

To verify this kind of strips in the strain image are 

not artefacts induced by image processing, 
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nanomechanical measurement on the sample were 

conducted. The three methods used for mechanical 

property measurements have different spatial resolution. 

Table 1 summarizes the differences among micro-

hardness, nano-indentation and AFM QNM. Micro-

hardness has larger indent imprint, while nano-indenter 

and AFM indent at nanoscale. All of them have the 

capability of in situ geometry imaging, enabling the 

identification of phases in brake material. 

Nanoindentation is used to generate the modulus and 

hardness mapping, as shown in Figure 5. A similar stripe 

structure can also be found at both modulus and hardness, 

confirming the microscale strain image obtained by WLI 

is correct. 

 

Table 1 Comparison among micro-hardness, nano-

indentation and AFM QNM. 

Method 
Micro-

hardness 

Nano-

indentation 

AFM 

QNM 

Load ~N ~mN ~µN 

Basic Mechanics Mechanics Mechanics 

Optional Creep Creep Adhesion 

In situ 

imaging 
Yes Yes Yes 

 

 
Figure 5 Hardness and modulus mapping by 

nanoindentation (XPM). 

 

Combined with partial unload or frequency sweep 

load profile, nanoindentation can measure the 

mechanical properties as a function of surface depth or 

frequency. This method will provide 3D distribution of 

mechanical properties and dynamic response of brake 

material, which is an undergoing project in our team. 

 

4. CONCLUSION 

Brake, as an example, was studied with tribology, 

mechanical properties, geometry and phase distribution. 

These results form a chain of the surface 

characterization at different scales with different 

properties. Due to localization capabilities of these 

techniques, different properties on the same location 

provide the base for understanding the underlying 

mechanism of tribological behaviours observed by 

traditional tribometers. This characterization chain 

could also be expanded to other applications. 
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