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High Speed Steel (HSS) specimen surfaces were coated with AlCrN and AlTiN via Physical Vapor Deposition (PVD) 

method for the micro-abrasion wear behavior testing. Wear tests were performed by fixed ball micro-abrasion wear 

equipment. During the micro-abrasion wear tests, 0.5, 1 and 1.5 N loads were applied for periods of 60 and 180 seconds.  

In these tests, different kinds of abrasives were used, as alumina (Al2O3) and silicon carbide (SiC). Two different particle 

sizes were used for each type of abrasive, which are F800 (mean size 6.5 ± 1 µm) and F1200 (mean size 3.0 ± 0.5 µm). 

During the wear tests, wear loss increased with increasing SiC and Al2O3 abrasive particle size. It was determined that the 

volume losses formed by SiC abrasive particles on AlTiN and AlCrN coatings to be higher than Al2O3 abrasive particles. 

Micro-grooving and micro-rolling wear mechanisms were observed when F800 and F1200 abrasive slurry were used, 

respectively. Volume losses increased with the increase in the applied load and the number of cycles. The AlCrN coatings 

exhibited better wear resistance than the AlTiN coatings. The applied test load had a significant effect on the wear 

mechanisms observed. 
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1. INTRODUCTION 

Today tooling supplies are generally used in the process 

of forming. Mostly all these tooling supply materials are 

made of high speed steel (HSS). Cutting and drilling 

performances of the HSS can be improved by the usage of 

hard coatings [1]. Thus, coatings play an important role on 

the performance of mechanic components of cutting devices 

in surface process [2]. Thus, the wear resistance of hot work 

tool steels [3] can be improved by using various surface 

engineering techniques. The wear and failure of HSS cutting 

tools have technological and economic impacts on industrial 

processing. A worn cutting edge impairs the quality of the 

machined and finished surfaces, resulting in low 

productivity and increased production costs. One of the 

adopted industrial approaches to decrease wear and increase 

the service life of cutting tools and the productivity is to coat 

the surface of cutting devices by hard coating layers [4]. 

Today, Physical Vapour Deposition (PVD) is the most 

widely used coating method used to coat HSS. The PVD 

technique provides an ideal combination of thin and hard 

coatings on HSS surfaces owing to the high hardness and 

wear resistance of the produced coatings in addition to 

chemically stability at high machining temperatures [5]. 

TiN, Ti (C, N), CrN and Al (TiN, CrN) hard coatings have 

been widely produced using the PVD technique. Among the 

coatings tested, CrN has an increasing popularity since the 

early 1980s as it presents favourable friction properties 

owing to its surface passivation capabilities and oxidation 

resistance [6 – 10]. The more recently commercialized 

AlCrN presents higher mechanical properties in addition to 

a higher oxidation resistance [11, 12]. Thin and hard AlTiN 
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coatings which is rich in aluminium present a high fatigue 

resistance at high temperatures. Also it is attractive due to 

its hardness and oxidation resistance at high temperatures 

[13]. 

As a result of their mentioned superior characteristics, 

these coatings find a wide application area in the coating 

industry. Recently, application of surface engineering 

techniques in forming and cutting tools has gained particular 

importance [14, 15], which also brings about the necessity 

for determination of these coatings’ abrasive wear 

performance. The micro-abrasion wear test, introduced by 

Kassman et al., [15] is a widely used method for 

determining the abrasive wear resistance of thin hard 

coatings [7, 17 – 19]. In the test, a hardened ball as the 

counter body is rotated on the specimen under a defined 

load, and meantime an abrasive slurry is added into the 

contact zone. Then, the formed crater track is examined 

using a profilometer and a microscope, thus the wear 

characteristics are determined [20, 21]. The test is easy to 

perform and very effective for assessment of wear resistance 

of the materials, and it requires only a small portion of the 

sample surface. Mo et al. [22] studied the impact wear and 

micro-scale abrasion resistance of CrN, AlCrN and AlTiN 

coatings deposited on cemented carbide by PVD technique. 

In micro-abrasion tests, they used 0.2 N load F1200 SiC 

abrasive particles and 5 different numbers of ball 

revolutions (N) of 10, 20, 50, 100 and 200. AlCrN coatings 

exhibited the best abrasive wear resistance among coatings.  

Batista et al [23] performed micro-abrasion tests of duplex 

and single-layered TiAlN, TiN and CrN coatings deposited 

on H13 steel by fixed-ball cratering technique. They used a 

fixed 0.25 N load and F1200 SiC abrasive particles on tests. 
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They reported that all duplex coatings showed higher micro-

abrasive wear resistance than their single-layered 

counterparts. The best improvement was achieved by the 

duplex (Ti,Al)N coating. Allsopp and Hutchings [24] used 

micro-scale abrasion testing methods to rank at room 

temperature and 350 °C of TiCN, TiN and AlTiN coatings 

deposited on tool steel surfaces by directed arc evaporation. 

The authors concluded that the wear resistance values of the 

coatings at different temperatures are different and that the 

material order is similar and there is a change in the wear 

mechanisms at high temperature. The AlTiN coating tested 

was the most wear-resistant under all conditions.  

Studies reviewed show that there is limited information 

about the comparative evaluation of micro abrasive wear 

behavior for different loads, different abrasives and abrasive 

sizes. Although some studies have been conducted on the 

micro-abrasion properties of CrN, CrAlN and TiAlN 

coatings, limited work has been conducted to investigate 

such properties for high aluminum content (i.e. AlCrN and 

AlTiN) coatings which are now increasingly used on 

commercial cutting tools. The present work was therefore 

undertaken to investigate the wear resistance and wear 

mechanisms properties of AlCrN and AlTiN coatings 

deposited by PVD, with a focus on their tribological 

response in micro-abrasion. 

2. EXPERIMENTAL 

HSS cutting tools with 5 × 20 × 100 mm dimensions 

were used as the substrate material (C 0.90, Cr 4.10, V 1.9, 

W 6.40). The steel surface was polished up to a surface 

roughness of Ra < 15 µm and subjected to ultrasonic 

cleaning to remove debris particles. Surface roughness of 

HSS substrate was measured by using Mitutoyo Surface 

Roughness Tester device according to EN ISO 4287. Then 

the samples were heated in vacuum and bombarded with 

Ar+-ions before the coating process. Customized Al67Ti33 

(at.%) and Al70Cr30 targets were used to fabricate the AlTiN 

and AlCrN coatings, respectively. Deposition took place in 

an N2 (purity  >  99.99 %) atmosphere with 4.0 × 10-2 mbar 

partial pressure. During deposition, the temperature of the 

specimens was elevated to around 600 °C for the AlTiN 

coating and 500 °C for the AlCrN coating. DC-bias voltage 

and target current for the substrate were  – 80 V, 150 A 

respectively and deposition time was 15 min. After the 

coating process, the specimens were cut into the dimensions 

of 5 (thickness) × 20 (width) × 20 (length) mm for the wear 

tests. 

 

Fig. 1. Schematic diagram of fixed-ball test 

After the coating process, a fixed-ball micro-abrasion 

wear test was carried out on each of the samples. In this 

method, (Fig. 1) the ball is rotated directly by clamping the 

ball in a split drive shaft which allows the balls to be 

removed and replaced easily. From the side the sample was 

pressed on the rotating ball using the specified loads placed 

on the weight pan. The ball, 25.4 mm in diameter, used 

during the test was made of AISI 52100 steel. During the 

abrasive wear tests, two types of abrasives were used, 

namely SiC and Al2O3. Abrasives with different particle 

sizes were used with the following designations: F800 

(6.5 ± 1 µm) and F1200 (3.0 ± 0.5 µm), according to FEPA-

Standard 42 – 2:2006. The abrasive slurry was produced by 

adding 20 g abrasive particles in 75 ml distilled water. The 

ball rotation speed was selected as 140 r/min (calculated as 

0.099 m/s). All the tests were performed within the distance 

of 140 and 420 cycle, and under 0.5, 1 and 1.5 N loads. Each 

test was repeated three times to ensure reproducibility of the 

results. Abrasive solution was dropped on the abrasive ball 

with 20 s intervals. After the abrasion process was 

completed, the sample surfaces were cleaned up with 

alcohol and 6 bar compressed air was applied. All of the 

resulting scars had a quasi-uniform spherical shape. The 

volume of the removed material was computed in 

accordance with Eq. 1 [25 – 27]: 

𝑉 ≈
𝜋𝑏4

64𝑅
 , (1) 

where V denotes the volume of the wear loss; b is the 

diameter of the outer crater; and R is the radius (in mm) of 

counter-body. This equation is valid only for the case where 

the following condition applies; b ≪ R. All measured 

diameters were received from at least 5 different points and 

then they were averaged to determine the crater diameter. A 

Huvitz 5800 3D profilometer was used to measure the 

diameters of wear craters. 

After the micro-abrasion tests, the wear craters were 

studied using Scanning Electron Microscopy (SEM; 

TESCAN MAIA3 XMU and Energy Dispersive X-ray 

(EDX) spectroscopy, and microhardness tests were 

performed under 25 g load using QNESS Q10 

microhardness tester. The X-ray diffraction (XRD) analyses 

were carried out using a Rigaku DMAX II x-ray 

diffractometer with Cu Kα radiation between 30° – 70°2θ 

angles. The abrasion wear behaviour of the coatings was 

assessed on the basis of their mechanical properties. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure characterization 

Fig. 2 shows the cross-sectional SEM images of the 

bottom surface layer of the obtained thin coatings These 

images show that the AlCrN and AlTiN coatings exhibited 

a good adhesion to HSS substrates, also a dense and 

homogenous microstructure without delamination or 

structural flaws along the interface. The thickness and 

hardness values of the AlCrN and AlTiN coatings are 

around 3.8 – 4 μm, 3300 HV and 3.6 – 3.8 μm, 2850 HV, 

respectively.  
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a b 

Fig. 2. SEM cross section images of samples: a – AlTiN; 

b – AlCrN 

 

Fig. 3. X-ray diffraction patterns from the surface of AlCrN and 

AlTiN coated HSS samples 

The XRD analysis of the AlCrN coating indicates the 

existence of a crystal NaCl structure (Fig. 3 a). Cubic form 

is desired when compared to the hexagonal form as it 

contains more Al. AlxCr1-xN coatings present high hardness, 

improved resistance to oxidation and favorable tribological 

properties to the extent that the cubic crystal structure is 

maintained in the presence of a high Al content [28, 29]. 

Effective micro-abrasion resistance is thus possible in the 

presence of a cubic form with high Al content. As seen from 

Fig. 4 b, aluminum atoms were partly replaced with 

titanium atoms. As understood clearly here, AlTiN coating’s 

structure depends upon the structure of NaCl-AlN [30]. The 

increase in the aluminum content significantly improves the 

thermal stability and hardness values [31]. It was difficult to 

see a soft hcp-AlTiN phase in the XRD results [14]. 

3.2. Micro-abrasion wear results 

In the micro-abrasion tests, 3 different loads, 2 wear 

cycles and 2 types of abrasives were used on the specimens. 

The wear losses obtained are given in Fig. 4. A higher 

volume loss was observed on the specimens during the tests 

when the slurry with SiC content was used. The abrasive 

effect of Al2O3 powders is relatively less than that of SiC. 

This can be ascribed to the 1.5 times higher hardness of SiC 

particles than Al2O3 particles [32, 33]. Hardness is defined 

as the resistance of a material to plastic deformation. In this 

regard, hardness is one of the most important parameters 

and it must be taken into account when evaluating the wear 

resistance of tribo-pairs. Several parameters including load, 

abrasive concentration, type and size have been reported to 

be effective on the formation of abrasive wear mechanism.  

As previously reported [27, 34], one of the most 

important factors for abrasive wear is considered as the ratio 

between the abrasive particle’s hardness (Ha) and the 

abraded surface’s hardness (Hs). 

 

Fig. 4. Graph of volume loss depending on Al2O3 and SiC abrasive 

type 

When Hs/Ha is less than 1.3, the particle wear occurs. 

Therefore, the ratios below 1.3 results in an increased wear 

loss. In this work, it was observed that the wear resistance is 

increased by increasing the coating hardness. The ratios of 

Hs/Ha were obtained as 1.43, 1.95, 1.24, 1.73 for AlCrN / 

SiC, AlCrN / Al2O3, AlTiN / SiC, AlTiN / Al2O3 

respectively. In this work, the AlTiN coating had a low 

AlTiN/SiC ratio with about 1.24, thus leading to a low 

abrasion resistance. The best abrasion resistance was 

obtained with the AlCrN/Al2O3 ratio. However, it is stated 

by Adesina et al [10] that the best wear resistance of the 

between TiN, CrN, AlTiN and AlCrN hard coatings was on 

the AlCrN coating. That they reported the wear resistance 

performances of other coatings, AlTiN, CrN and TiN, 

respectively, according to the coating hardness. Many 

authors stated in their studies that hard coatings exhibit 

lower wear loss [9, 11, 18, 22, 23]. It was also observed that 

the hardness of the surface film is effective on the micro 

abrasion resistance of the specimens. But, the role of the 

coating decreases when the film layer is punctured or 

damaged by the abrasive particles. The wear mechanism 

observed on the specimen surface is closely related with the 

movement of the hard particles in solution between the ball 

and the surface. If the abrasive particles are stuck between 

the specimen surface and the ball, their movement is 

restricted that results in the tracks being parallel to each 

other. This is called as two-body abrasion and these tracks 

are called as grooves. If there is no restriction in the 

movement of the particles between the surface and the ball, 

in this case, the wear mechanism is termed as three-body 

abrasion. The morphology of the tracks is then changed and 

they occur via rolling [35 – 38]. 
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a b 

Fig. 5. EDX line analysis of coating layers: a – TiAlN; b – AlCrN 

Fig. 5 shows the EDX line spectra of the test specimens. 

The EDX analysis gives an idea about the elements that are 

likely to be available in the coating layer. In Fig. 5 a, the 

deposited Al, Ti and N elements for TiAlN are 

homogeneously distributed throughout the coating as 

intended. Similarly, the Al and Cr elements appear to be 

homogeneous and stable in the coating layer (Fig. 5 b).   

  

a b 

Fig. 6. SEM micrographs of the worn surfaces of AlCrN sample 

under 1.5 N and 420 cycle for abraded with Al2O3: 

a – F800; b – F1200 

As seen from Fig. 6 a and b, there is no abrasion on the 

surface of the specimen. 

  

a b 
Fig. 7. SEM micrographs of the worn surfaces of AlTiN sample 

under 1.5 N and 420 cycle for abraded with Al2O3: 

a – F800; b –  F1200 

Al2O3 undertakes the role of polishing. The particles did 

not sink into the coated layer due to the hardness of 

specimen coated with AlCrN. The particles also did not 

induce any damage on the specimen surface. But, F800 

particles induced point and linear defects in micro level on 

the specimen surface (Fig. 6 b). 

It was observed that when SEM wear track of AlTiN 

specimen was subjected to micro-abrasion test in the same 

condition, the coating layer damaged more as seen in Fig. 7. 

The hardness of the coating layer is effective on the wear 

morphology. F800 particles partly form grooves on the 

craters as seen in Fig. 7 a. In both coatings, micro-rolling 

abrasion can be seen as the dominant wear mechanism. 

Micro-grooving abrasion mechanism with the micro-rolling 

abrasion mechanism was also seen. However, when the 

morphology formed by Al2O3 F1200 is examined, micro-

rolling can be considered as the dominant wear mechanism 

as also indicated in Fig. 7 b. 

  

a b 

  

c d 

Fig. 8. Abrasive particle morphologies: a – SiC F800; 

b – SiC F1200; c – Al2O3 F800; d – Al2O3 F1200 

It is known that, aside from particle hardness, particle 

size distribution and particle shape can also be effective on 

the wear behavior [27, 39, 40]. When F800 and F1200 

abrasive particle sizes are evaluated in Al2O3 abrasive 

slurry, it is seen that F800 causes higher volume losses. 

When the SEM photographs of the abrasives are examined, 

it is seen that SiC F800 and Al2O3 F800 abrasive particles 

are the same size (Fig. 8 a, c). However, it is noteworthy 

that the F1200 abrasive particles are mixed with smaller 

particles due to the difficulty of sieving (Fig. 8 b, d). These 

small size particles remain between the ball and the counter 

surface during the abrasion process, and because of the 

insufficient size for abrasion, the particle cannot penetrate 

into the counter surface. In addition, it is possible to think 

that these particles, which have a size between 1 – 3 µm, are 

broken down and displaced from the system due to their 

hard structure. 

Another approach is that, these small particles intervene 

between the counter surface and the abrasives (with 

adequate particle size) that are meant to undertake the actual 

abrasion work, thus reducing their abrading capability. 
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Another view is that the combination of particles of different 

sizes will increase the density of the abrasive particles per 

unit area, which may lead to an increased load carrying 

resistance.  

  

a b 

 

c 

Fig. 9. SEM micrographs of the worn surfaces of AlCrN sample 

under 1.5 N and 420 cycle for abraded with SiC: a – F800; 

b – F1200; c – under 0.5 N F800 

Fig. 9 a – c shows the SEM micrographs of the wear 

scratch of the AlCrN coatings corresponding to the 

increased abrasive particle size. In Fig. 9 a, the 500X 

magnified view of the crater shows that the grooves are 

clearly formed. The grooves being parallel to each other 

indicate that a two-body wear mechanism took place. With 

the contact of the abrasive slurry to the surface of the ball, it 

is seen that the abrasive particles slip through the formed 

grooves. It caused great damage and created a trace of wear.  

This indicates that the coating is both hard and has strong 

adhesion to the surface. It was observed that the damage 

caused was reduced by decreasing the load applied on the 

sample (Fig. 9 c, 0.5 N), partial micro-scratches were 

formed on the surface and the damage was more superficial. 

F1200 SiC abraded specimens showed no damage to the 

coating (Fig. 9 b). The abrasive particles are rolled between 

the ball and the coating layer, which only serves to polish 

the hard coating layer. Micro-scratches have formed on the 

surface due to the settling of abrasive particles into the 

small-sized defects on the coating layer.  

  

a b 

Fig. 10. SEM micrographs of the worn surfaces of AlTiN 

sample under 1.5 N and 420 cycle for abraded with 

SiC: a – F800; b – F1200 

Fig. 10 shows the SEM micrographs of the wear scars 

on the AlTiN coatings related with the abrasive particle 

sizes. It can be concluded by observing the volume loss 

graphs presented in Fig. 5 that the abrasive particle size has 

a significant effect on the wear results and mechanisms that 

occur during the wear process. It was seen that the groove 

depth is higher for F800 abrasive particles, and lower for the 

F1200. On the coatings subjected to the tests with greater 

abrasive particle sizes, micro-rolling abrasion can be seen as 

the dominant mechanism (Fig. 10 a). Micro-rolling abrasion 

mechanism as well as the micro-grooving abrasion 

mechanism could also be seen. However, when the 

morphology of the samples subjected to F1200 is examined, 

micro-scratches can be considered as the dominant wear 

mechanism (Fig. 10 b). 

It is understood that the transition from groove 

formation to rolling abrasion occurred during the micro-

abrasion wear test, depending on the load per particle, 

abrasive particle size, slurry concentration and abrasive type 

used. It can be said that the hardness of the wear surfaces 

also significantly affects the transition from the groove to 

rolling wear. It has been found that coating hardness has a 

significant effect on the abrasion resistance, such that, 

abrasive particles’ ability to scratch the coating surface is 

reduced by increasing hardness of the coating.  As indicated 

by the findings, owing to its higher hardness the AlCrN 

coating exhibited a significant increase in the abrasion 

resistance as compared to the AlTiN coating. 

4. CONCLUSIONS 

AlCrN and AlTiN thin hard coatings were produced by 

the PVD technique on HSS tool steel and micro-abrasion 

behaviors were studied. The coated samples were subjected 

to fixed-ball micro abrasion wear tests using SiC and Al2O3 

particles of F800 and F1200 grit size for periods of 140 and 

420 cycles under 0.5, 1 and 1.5 N loads. The main results 

can be summarized as follows: 

1. The AlCrN coating showed the best wear resistance 

under all test conditions. This is attributed to the higher 

hardness of the coating layer. 

2. The abrasive particle type and size have significant 

effect on the resulting wear performance and wear 

mechanisms. The highest volume losses were observed 

on the samples abraded with SiC F800 abrasive, while 

the lowest volume losses were observed with F1200 

Al2O3 abrasive. The dominant wear mechanism was 

micro-grooving in the tests performed with SiC and 

Al2O3 (with F800 grit size). for AlTiN coatings, 

whereas the dominant wear mechanism was micro-

rolling in the tests performed with the Al2O3 coating 

(with F1200 grit size). For AlCrN coatings subjected to 

wear tests with F800 SiC and Al2O3 abrasives, the 

dominant wear mechanism was micro-grooving, 

whereas micro-rolling and polishing mechanisms were 

observed in the case of in F1200 SiC and Al2O3 

abrasives.  

3. In the tests performed with F800 abrasive particles, 

higher wear losses were determined as compared to 

F1200 abrasive particles. This is attributed to the 

reduction in the abrasive particles size through 

crumbling. 
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4. With the increasing test cycle, wear losses also 

increased. In the tests made with 140 cycles, micro- 

grooves formed by F800 particles were more 

pronounced. In the 420 cycle, micro-grooves were not 

very pronounced and decreased. 

5. Wear loss values increased with increasing load. The 

increase in load enabled the abrasive particles to 

penetrate into the surface more easily and thus to cause 

more damage on the surface. 
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