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ABSTRACT: Ford and external partners have developed new, cost-optimised carbide-based multi-layer surface coating 
systems, applied by high-performance laser cladding. The technology addresses the important topics of reduction of brake 
emissions of road vehicles and improvement of corrosion resistance, especially important for electrified cars. The paper 

presents the current status of the development including brake dynamometer performance, wear, crack initiation and corrosion 
test results as well as metallographical analysis of different matrix materials and carbide compositions. 
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1. Introduction

The objective of the Carbidic Brake Rotor Surface Coating project 

is to develop a cost efficient and ecological alternative to the 

tungsten carbide  based surface coating currently available on the 

market. The availability of the expensive tungsten carbide may 

restrict the application of this material only to premium/low 

volume vehicle applications.  

Protective carbide coatings for friction surfaces of grey cast iron 

brake rotors need to provide a combination of several properties: 

• Wear protective function, i.e. low wear rate in order to

achieve long life and low brake dust emission. This

would allow the usage of performance friction materials

on High Performance vehicles on Comfort Markets

(NAO markets),

• Chemical composition without elements creating

harmful debris,

• No detrimental effect on the base materials mechanical

properties, i.e. no embrittlement or increased crack

propagation susceptibility,

• Corrosion protection against salt water and acid rain

under all relevant usage conditions. Good corrosion

protection makes such coatings best suited for electrified

vehicles (potential corrosion cleanability issues with

standard grey iron rotors).

The paper  introduces and compares alternative coatings developed 

in two different projects as cooperation between 1. Ford, GTV and 

LSN and 2. Ford, DAP RWTH University of Aachen, and LSN. In 

both projects high performance laser cladding technology is being 

used,  Different  spraying nozzles concepts , baselayer and coating 

materials and coating layer structure have been applied. The 

technology presentation is complemented by some brake 

dynamometer test results. 

2. Laser cladding technology

2.1. Material concepts 

2.1.1 Material concepts at GTV 

Ford has filed patents [1,2] on protective coating solution 

approaches for brake disk rotors that include laser cladding of thin 

corrosion protective stainless steel base layers that are capable of 

stopping cracks initiating from wear protective layers that are 

deposited on top of these bond coats using laser cladding or thermal 

spray processes. Top layers can be HVOF sprayed iron based hard 

alloys with high contents of boron (Figure 1) or high contents of 

chromium, vanadium or niobium carbides reinforcing a stainless 

steel matrix material. As an alternative, top layers can be deposited 

by laser cladding and consist of a stainless steel matrix reinforced 

by vanadium or niobium carbides (Figure 2). Vanadium and 

niobium carbides represent metallurgically favorable reinforcing 

phases, because they do not form brittle mixed carbides, if they 

dissolve in iron alloy matrices during cladding processes. In 

contrast, the dissolved material fully precipitates during 

solidification. 

EB2020-MDS-025



 

2 

 

 

Figure 1: HVOF sprayed iron based hard alloy containing 

25% chromium and 5% boron on a laser clad stainless 

steel (1.4462) corrosion protective bond coat on a grey 

cast iron rotor substrate 

 

Figure 2: Five layer coating produced by laser cladding 

with graded content of niobium carbide reinforcement 

in a stainless steel (1.4462) matrix on a grey cast iron 

rotor substrate 

 

2.1.2. Material concepts at DAP 

Through Extreme High Speed Laser Material Deposition (EHLA) 

almost any metallic material can be used for coating brake rotors 

without surface pretreatment. At the current state of the art, 

uncoated grey cast iron brake rotors are used in vehicles. The 

laminar grey cast iron has a low hardness of 180 HV and wears 

with every brake cycle. In addition, the laminar grey cast iron is 

very corrosive, which is intensified especially in winter by road salt. 

To protect the brake rotors against wear and corrosion, a two-layer-

coating system is used (see Figure 3).  

 

Figure 3: Schematic representation of the two-layer coating 

of brake rotors and their external influences 

Within this reasearch, three materials have been processed by 

EHLA. 316L stainless steel is used  as  corrosion protection layer. 

This layer has to be crack-fee and only pores < 20 µm are permitted 

in order to ensure the characteristic of corrosion protection. As a 

wear protection layer two Metal Matrix Composits (MMC) with a 

matrix of 316L and composit of: 

a) silicon carbide (SiC) 

b) titanium carbide (TiC) 

are chosen. 

With the aim of generating a defect-free bonding between the 

corrosion protection and wear protection layer the processing 

parameters have to be carefully developed. Because of the primary 

task of wear protection and because of the carbide content, cracks 

in the wear protection layer are permitted, but will be stopped at 

least in the corrosion protection layer. 

 

Figure 4: a) REM picture of 316L paricles (Oerlikon 

Diamalloy 1003-1) with the magnification of 400x, b) 
Incident light microscope image of 316L paricle cross 

sections with a magnification of 200x, c) Measured 

particle size distribution of used 316L powder 

Figure 4 shows the powder analysis of the used 316L from 

Oerlikon. The particles are spherical and dense (see Figure 4 a),b)). 

The light blue area in the particle size distribution measurement 
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marks the manufacturer's specifications of -53+20 µm. The blue 

line in the diagram describes the measured particle size distribution. 

All points on this line together add up to 100%. The largest 

percentage of particles is in the range of approx. 30 to 45 µm and 

thus in the range specified by the manufacturer. 

 

Figure 5: a) REM picture of SiC paricles (GTV 70.85.8) 

with the magnification of 400x, b) Incident light 

microscope image of SiC paricle cross sections with a 

magnification of 200x, c) Measured particle size 

distribution of SiC paricles 

The powder analysis of silicon carbides from GTV is shown in 

Figure 5. The particles are brittle and dense (see Figure 5 a),b)). 

The measurement result of the particle size distribution shows a 

distribution in the range of approx. 10 to 70 µm.  

  

 

Figure 6: a) REM picture of TiC paricles [GTV 70.90.3) 

with the magnification of 400x, b) Incident light 
microscope image of TiC paricle cross sections with a 

magnification of 200x, c) Measured particle size 

distribution TiC paricles 

The titanium carbide (TiC) used from GTV is brittle and dense. The 

measured particle size distribution is in the range approx. 5 to 60 

µm. Compared to 316L and SiC, TiC has the highest percentage of 

fine particles (see Figure 6). 

 

 

 

2.2. Brake Rotor Coating 

A dense and crack-free corrosion protection layer of 316L with a 

layer thickness of approx. 100 ± 20 µm was achieved for the brake 

rotor coating (see Figure 7 and Figure 9). Figure 7 shows the brake 

rotor coating with an intermediate layer  of 316L and the MMC 

(wear protection layer) of 316L and SiC. SiC is generally 

considered to be a difficult material to weld [5].  

 

Figure 7: Cross-section of coating (corrosion protection 

layer 316L, wear resistant layer 316L+SiC (65:35 

vol.-%)) with magnification 50x 

Through the process characteristics of EHLA, an MMC with up to 

35 vol.-% SiC was produced. In the first step, an area rate of 

300 cm²/min was achieved for the corrosion protection layer and 

an area rate of 375 cm²/min for the wear resistance layer, a 

processing time of approx. 6 min per side with approx. 416 cm² 

was achieved. The MMC is dense and has several small cracks. 

Most of the SiC particles are embedded unmelted in the 316L, the 

other part is dissolved in the matrix material 316L. This has 

increased the hardness from an averaged value of 285 HV in the 

pure 316L layer (corrosion protection layer) to an averaged value 

of 574 HV in the 316L matrix material. The average of the solid 

SiC particles in the matrix is 3173 HV. The results of the hardness 

measurement are depictured in Figure 8. 

 

Figure 8: Hardness curve Vickers of the brake rotor coating 

with intermediate layer 316L and MMC of 316L+SiC 

Figure 9 shows the generated coating system with 316 as corrosion 

protection layer and 316L and TiC as wear protection layer. 

 

Figure 9: Cross-section of coating (corrosion protection 

layer 316L, wear resistant layer 316L+TiC (1:1 

vol.-%)) with magnification 50x 
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The metallographic cross section of the coating is presented in 

Figure 11. In process development, a content of TiC of 50 vol.-% 

has been achieved. The MMC is crack free and occasionally shows 

pores with sizes smaller than 20 µm. The main content of the TiC 

particles are unmelted and metallurgically bonded into the matrix 

material. This is also visible in the hardness measurement. The 

average hardness of the matrix material 316L is approx. 291 HV 

and the average hardness of the TiC particles is approx. 2456 HV 

(see Figure 10).   

 

Figure 10: Hardness curve Vickers of the brake rotor 

coating with intermediate layer 316L and MMC of 

316L+TiC 

Within the context of the research, the area rate for the corrosion 

protection layer could be increased from 300 cm²/min to 

375 cm²/min and for the wear protection layer from 200 cm²/min 

to 550 cm²/min. This leads to a process time reduction of 

approx. 51 % to approx. 3.2 min. 

 

2.3. Cladding process 

2.3.1. Laser Cladding at GTV 

The laser cladding process that is applied by the company GTV 

basically does not differ from conventional laser cladding 

processes. A six-stream powder nozzle type GTV PN6625 with 1.5 

mm bore diameter injector inserts is used to feed powder into the 

melt pool that is formed on the brake rotor surface. Both powder 

stream focus and laser beam focus plane coincide with the brake 

disk surface. So far a maximum laser power of 16 kW (Laserline 

LDF 16000-60) was available, which resulted in powder feed rate 

limitation of about 200 g/min to avoid unacceptable formation of 

bonding defects. Laser spot diameters are typically in the range 

between 3 - 5 mm. In alternative cladding processes like PTA 

improvement of cladding thickness homogeneity with increasing 

overlap of welding seams has been observed. In accordance with 

that experience typically overlaps between 70 - 85% are used in 

order to minimize post-machining efforts. The possibility to 

deposit claddings with thickness smaller than 100 µm at a welding 

speed of 30 m/min has already been reported in the early 2000´s 

[3,4]. Production of layers with relevant thicknesses for the brake 

rotor applications, i.e. 100 - 200 µm, at powder feed rates of 200 

g/min and 70 - 90% overlap of seams, however, requires welding 

speeds between 100 - 200 m/min. The material composition of 

layers forming the protective coatings is adjusted by variation of 

the feed rate of the coating components. Combination of roughly 

100 µm thick bond coats with roughly 150 - 200 µm thick 

reinforced top layers represent coatings that can be produced with 

industrial relevance at shortest possible production times and 

lowest costs. However, coatings with graded content of reinforcing 

phases consisting of 4 - 5 layers with a total thickness of 500 - 600 

µm in a clad state represent a safer solution. For brake rotors with 

friction surface area of roughly 0.04 m2 cladding of the two layer 

coatings mentioned above requires a total cladding time of about 

45 seconds, while cladding of graded coatings with 550 µm 

thickness takes about 100 seconds. 

2.3.2. Extreme High Speed Laser Material Deposition 

(EHLA) at DAP 

EHLA is a further development of the conventional Laser Material 

Deposition (LMD). With the LMD process the laser beam energy 

is used to create a melt pool in which the solid particles entered. 

The particles become molten inside the melt pool. In contrary with 

the EHLA process, the main part of the laser energy is absorbed by 

the powder particles, so that the particles are already molten on the 

substrate surface. This allows to achieve unique process 

characteristics such as process speeds of up to 500 m/min, 

generation of unconventional material pairings and the coating of 

heat-sensitive materials. The generated coatings are dense and 

metallurgically bonded. Due to the energy input into the powder 

particles, the process is very energy efficient. The powder 

efficiency of the EHLA process is up to 95% [8]. The metal powder 

is fed to the process by a carrier gas (Ar) via a continuous coaxial 

nozzle. The powder focus is positioned above the substrate, so that 

the intermediation time of the particle through the laser beam 

suffices to melt the particles. The rest energy of the laser beam 

creates a small melt pool on the surface of the substrate, so that the 

coatings are metallurgical bonded. Figure 11 depicts a schematic 

illustration of the EHLA process. 

 

Figure 11: Schematic illustration of the Extreme High 

Speed Laser Material Deposition (EHLA) 

 

2.4. Atomized Metal Powders 

Atomizing alloy powders is a widely used method of producing 

powders. Since the middle of last century, atomizing processes 

have been developed for industrial use. Atomizing is an ideal 

process to form powders of many metals and alloys, suitable for 
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applications in coating technologies, welding, sintering, high 

temperature brazing and nowadays in additive manufacturing.  

Today, there are three categories of atomizing processes, 

depending on which media are used in atomizing and collecting 

powders in these processes. 

Table 1 gives an overview on atomizing systems 

Table 1: Atomizing processes grouped by atomizing and 

collecting media 

The principal set-up of a water atomizer is rather simple. Liquid 

metal, ideally heated up to > 150K above melting point, flows 

through a fine sized nozzle. When the metal flow passes through 

the nozzle and reaches a free flow stream it will be blown or 

“atomized” under high pressure of entering water. The water 

subsequently quenches the metal, and flakes of metal solidify 

immediately. Due to the fact that in water atomization the time to 

solidify those metal flakes is shorter than the time to form spherical 

shapes, such powders look rather irregular and “fissured”. These 

powders do not flow and are ideal for applications in PM processes. 

By changing the atomizing medium from water to gas, the metal 

flow can form spherical particles when passed through the nozzle 

due to the time to build spherical particles is now large enough 

before the particles completely solidify. In most cases nitrogen is 

used as atomizing gas and collecting gas. 

Figure 12: Schematic drawing of atomizing systems 

The so-called “Hybrid atomizing” process is a good compromise 

of combining the advantages of both atomizing modes, such as the 

ability to form spherical particles by using gas as an atomizing 

medium, combined with lower cost, due to the use of water as 

collective medium. 

After atomizing the resulting powder is called “raw powder”.  

In order to get well classified powders a screening operation is 

necessary. Sieves can be made from steel and nylon, fine powders 

can also be classified in wind screening methods. 

The particle size range in atomizing powders can largely vary. For 

most technical processes a particle size range of < 150 µm is 

required. Recently, the need for even smaller particles has 

increased which can be realized by adapting the atomizing 

parameters. Higher gas to metal ratio, higher atomizing gas speeds 

during atomizing and heating up the atomizing gas prior atomizing 

will result in finer grained particles. 

Atomized powders are characterized by: 

• Chemical composition, which is widely checked by emission 

based spectroscopy 

• Morphology, where we consider the  

• inner morphology, such as microstructure, formation of 

different phases, porosity) and  

• outer morphology described by outer shape, spherical or 

elongated, presence of satellites 

• Particle size distribution (PSD), widely measured by Laser 

diffractometry 

• Flow characteristics (Hall flow test) and 

• Apparent density 

Generally, all metals and metal alloys can be atomized.  

Relevant to the ability to atomize are melting point, the ability to 

overheat the melt slightly and its surface tension at melting point. 

Nickel, iron and cobalt alloys do show highest surface tension at 

melting point and do require a higher atomizing medium to metal 

ratio and require higher gas and water speeds during the atomizing 

process. 

For the laser cladding process, a special particle size distribution of 

-53+20 µm was sieved out. The “hybrid”-atomizing process leads 

to round particle shapes with excellent powder flow characteristics. 

3. Dynamometer test results 

3.1. Selection of brake specification for development 
and testing 

The developed rotors must be applicable on global applications, 

therefore they must fulfil requirements for both comfort and 

performance markets including critical performance testing for 

High Performance Vehicles.  For this reason, the development team 

decided to use European LowMet friction materials in this study. 

Copper free pad materials A, B and C being in or close to 

production were considered.  

All tests were carried out on 15 inch front brake of a middle-sized 

vehicle with a GVM up to 1950 kg. Its sliding 57 mm caliper was 

combined with a 278x25 mm brake rotor. The calculations showed, 

Atomizing mode Gas Hybrid Water 

Atomizing medium gas gas water 

Collecting medium gas water water 

Relative cost high medium low 
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that the sizing of this system allows to simulate the behavior of a 

wide variety of possible systems including high performance 

brakes. 

3.2. Test results 

The selection of pad material for the coating development was 

made within a two-step pre-screening DVP run on brake 

dynamometer and containing: 

• Friction level evaluation 

• AMS test 

• Rotor crack initiation 

Further test included (among others) simulated Mojacar for brake 

wear evaluation and surface corrosion behavior. 

Step one of the testing was dedicated to selection of friction 

material which should be used in the later project phases. It 

consisted of standard friction, AMS and crack initiation test run 

with a rotor coated with coating II. This coating selected due to its 

good high temperature properties, raw material availability and its 

cost. Only friction material A fulfilled all specified criteria, 

material B and C failed in crack initiation test.  

Table 2 Test matrix Step One: Comparison of friction 

materials on coating I (color code: green=pass, 

yellow=borderline, red=fail) 

Criteria Friction A Friction B Friction C 

General friction level        

(target 0.4 to 0.6) 
0.48 0.6 0.42 

Min AMS friction level stop 

10 (target > 0.28) 
0.28 0.28 0.30 

Crack initiation (target 

> 300 cycles) 
pass fail borderline 

fail 

Other (pad integrity & wear) pass pass pass 

 

Step two of the testing was run with friction A. In this step, different 

carbide coating types I, II and III were tested. All coatings were 

applied using the same technology. Codes I, II and III represent 

three different types of carbides including niobium, titanium and 

tungsten (note: coating I ≠ niobium carbide, etc). Expensive 

tungsten carbide was used as benchmark. 

Table 3 shows the summary of test results. 

Table 3 Test matrix Step Two: Comparison of coating 

material in test run with friction material B (color 

code: green=pass, yellow=borderline, red=fail) 

Criteria Coating I Coating II Coating III 

General friction level        

(target 0.4 to 0.6) 
0.57 0.51 0.43 

Min fade friction level 

(target > 0.3) 
0.32 0.25 0.27 

Min AMS friction level stop 

10 (target > 0.28) 
0.28 0.28 0.3 

Pad life (Sim Mojacar) 34,000 30,000 29,000 

Rotor wear (gram/1000 km) 

in Simulated Mojacar 
0 < 0.5 < 0.1 

Friction level in Sim 

Mojacar 
0.48 0.52 0.38 

Crack initiation (target 

> 300 cycles) 
passed passed passed 

Other (pad integrity & wear) passed passed passed 

 

3.3 Metallurgical investigations of the EHLA coatings 
after the dynamometer tests 

The corrosion protection layer as well as the wear protection layer 

of the EHLA coating system with MMC 316L and TiC shows no 

delaminiation, no cracks or other noticeable characteristics after the 

AMS Test (see Figure 13 a). After the crack formation test. some 

cracks have appeared in the wear resistant layer. However. the 

cracks do not pass through the intermediate layer. so that the 

corrosion protection to the grey cast iron still exists (see 

Figure 13 b)). As the cross-section in Figure 13 also shows, the 

layer removal in relation to the layer thickness after the deposition 

process to achieve a smooth surface is in the range of 30 to 70 µm. 

 

Figure 13: Cross-section of coating (corrosion protection 

layer 316L. wear resistant layer 316L+TiC test with 

magnification 50x a) after AMS Test; b) after crack 

formation Test 

The EHLA coating system with the intermediate layer 316L and 

the wear resistant layer with 316L and SiC (volume content of 35 

vol.-%) did not pass the first AMS test. During the AMS test the 

brake pad became clogged with components of the MMC. Despite 

the clogged brake pads. the coating system is still intact. The layer 

system shows no delamination or outbreaks. The intermediate layer 

is crack free and the crack structure in the wear protection layer has 

not changed to a macro-crack structure (see Figure 14 a)). The 

"washouts" caused by clogging of the brake pads in the wear 

resistant layer (Figure 14 b)) can be seen in the cross section. 
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Figure 14: Cross-section of coating (corrosion protection 

layer 316L. wear resistant layer 316L+SiC) after AMS  

test with magnification 50x a) Cross section without 

noticeable irregularities. b) With the “washouts" that 

are also visible on the brake pads 

 

Figure 15: Phase diagram of Fe-Si [7] 

It seems that the melting temperature has been lowered by the Si 

content going into solution and the layer has started to flow in the 

AMS test. The Fe-Si phase diagram depicts the reduction of the 

melting temperature with increasing Si content (see Figure 15). The 

melting temperature of pure 316L is approx. 1440 °C [6]. at one of 

approx. 33 atomic-% of Si the melting temperature is only approx. 

1200 °C.  

In further analysis of the wear resistant layer (316L+SiC) smaller 

Si volume contents shall be investigated. In addition. the process 

will be further developed to dissolve as little Si content as possible 

in 316L.  

4. Summary and outlook 

Laser cladding is a promising technology that permits production 

of combined corrosion and wear protective coatings on grey cast 

iron brake disk friction surfaces. Thereby, metallurgical bonding 

between grey cast iron substrates and claddings that do not contain 

environmentally incompatible elements can be achieved and 

deposition of layers with graded hard phase content permits 

combining ductile bond layers with very wear resistant top layers. 

Generally, different carbides qualify for reinforcement of stainless 

steel matrices. However, only carbides that do not form brittle 

phases after (partial) dissolution in the steel matrix melt permit 

production of crack free coatings with high carbide contents and 

accordingly high wear resistance. Laser cladding permits fast 

manufacturing of protective coatings. For compounds of roughly 

100 µm thick bond coats and 150 - 200 µm top coats surface 

coverage rates up to 3.2 m²/h are possible and even for graded layer 

compounds with an overall thickness of 500 - 600 µm surface 

coverage rates up to 1.4 m²/h can be achieved. 

During brake testing, different carbides in the same brake/pad 

combination generated different friction levels (from 0.4 to 0.6), 

especially observed under moderate/customer relevant driving 

conditions. In contrast, the differences in the wear behavior are 

significantly low, close to test-to-test variability. Very low rotor 

wear rates and reduced pad wear show high potential for reduction 

of brake emissions (PM), especially for European low metallic 

brake pad materials. Although the emission testing for PM and PN 

(particle mass and number) with the novel coating is planned, the 

results will be available after the publication of this paper.  

Special attention and further development is needed for 

optimization of the cladding strategy to minimize distortion of 

brake disks and tensile residual stresses in the produced coatings. 

As already mentioned, in comparison to grey iron rotors, the 

presented rotor technology is more sensitive against crack initiation. 

The tests were run with a known European LowMet material 

developed for grey iron rotors. Although the standard friction 

material already provides feasible results, it is necessary to upgrade 

the formulation to better address the chemistry and tribology 

specific to carbide coating and by this improve e.g. fade behaviour. 

This can be made most efficiently after decision about carbide type 

made both for technical and commercial reasons. 
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