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Abstract: Nanolayer TiAlN/TiSiN coating is one of the most advanced contemporary protective 

coatings. It has been applied for protection of machining tools, forming tools, and die casting tools. 

However, due to its versatile properties, there is a high potential for broadening its application, for 

example for protection of biomedical implants. Each application requires specific base materials, for 

example cold working steels are used for forming, while stainless steels are applied for biomedical 

purposes. Different materials and their pre-treatment might result in different coating properties 

even if coating was conducted in a single batch. Real tools and components have complex 

geometries, and as such require a multiple-axis rotation during the deposition. Among other 

properties, grain morphology and surface topography are of great importance in a real application. 

Since systematic studies on the effect of substrate materials and rotation during deposition on these 

properties are very scarce, in this article we studied TiAlN/TiSiN coating magnetron sputtered on 

five different substrates, prepared with 1 fold, 2-fold, and 3-fold rotations. Cold-work tool steel 

(X153CrMoV12), hot-work tool steel (X37CrMoV5-1), plasma nitrided hot-work tool steel, surgical 

stainless steel (X2CrNiMo18-15-3), and cemented carbide (WC/Co) were used as substrate materials. 

3D stylus profilometry and atomic force microscopy were used for evaluation of micro and nano 

topography. The coated surgical steel has the highest roughness (Sa) which corresponds to the 

highest number of coating growth defects. However, the size of the individual growth defects was 

considerably smaller for this substrate than for other substrate materials. The observed difference is 

linked to differences in the concentration of specific carbides contained in a specific steel. Since 

different carbides have different polishing and ion-etching rates, coatings on different steels may 

have different concertation of defects. Columnar grain analysis revealed that coating on surgical 

steel exhibited the smallest column diameter (125 nm) and their highest uniformity. Column 

diameter on other substrates is around 215 nm, while hot-working tool steel exhibited the largest 

columns (235 nm). Such finding suggests that the same coating may exhibit different mechanical 

properties on different substrates. Coatings produced with the higher degree of rotation (2-fold, 3-

fold) have less defects and smoother surface. There was no clear trend between columnar grain size 

and number of rotational degrees. 
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1. Introduction 

Owing to its high mechanical properties, oxidation resistance, thermal stability and tribological 

performance, nanolayer TiAlN/TiSiN coating presents one of the most advanced contemporary 

protective coatings. Although it is developed for application on heavily stressed cutting tools such as 

tools for dry and high-speed machining it has a potential for application on other kinds of material 

processing tools. It is suitable for application on forming tools, forging tools, high pressure die casting 

tools, and on different machine components. Due to its high mechanical properties, high corrosion 

resistance, and chemical inertness this coating is promising for application on biomedical implants 

and devices. Broadening the application of coatings to another fields usually comes with their 

deposition on different, less conventional, substrate materials. Application of coatings on different 

materials might result in different coating properties even though the deposition is performed in the 

same production batch.  

Tailoring the coatings properties to specific purposes requires understanding of their 

microstructure, topography and mechanical properties but also the interrelationship between these 

properties. The coatings topography is important for their tribological and corrosion behavior [1,2], 

while coatings microstructure (grain morphology) governs their mechanical properties, fracture 

behavior, and their tribological performance [3]. Besides the initial substrate roughness, the coatings 

topography greatly depends on the kind of applied deposition process, employed parameters, and 

the type of substrate material.  

Magnetron sputtering (MS) is a widely applied industrial deposition process known for 

production of high quality, dense coatings with relatively low roughness and residual stresses. 

However, considering that this process is line-of-site deposition, micro and nano surface 

morphological features present on the substrate affect the coating growth and cause formation of 

defects in the coating layer [2]. Growth defects are discontinuities in coating material in form of peaks 

(nodular defects) and valleys (cavities) [4]. Nodular defects mostly form due to the presence of 

various asperities on substrate surfaces and particles of different origin [4]. Besides deposition 

system, which generates a lot of particles that cause defects, the substrate material and its 

microstructure also greatly influence the formation of defects and their concentration. Nodular 

defects caused by microstructure form due the differences in polishing and/or ion etching rates 

between the various phases of materials [4]. For example, metal carbides contained in tool steels have 

lower polishing and sputtering rate than the surrounding matrix. Cavity defects form due to the 

presence of micro/nano cavities on the substrate and due to the popping-out of nodular defects 

during the deposition process. Growth defects define the coatings topography, which consequently 

affect its tribological properties, adhesion, and corrosive behavior [1,2,4]. Influence of defects on 

coatings performance can be so pronounced that the influence of chemical composition, 

microstructure and architecture might be exceeded. Therefore, investigations that concern formation 

of defects in coatings produced by MS are very important for development of new coatings and 

widening their industrial application. 

Transitional metal-nitride coatings produced by MS typically exhibit columnar grain 

microstructure. Considering that coating mechanical properties and fracture greatly depend on its 

grain shape and size, in recent years, this topic caught a significant scientific attention [5,6]. 

Investigations from the field addressed the effects of coatings chemical composition [7,8], ion 

bombardment of a growing film, deposition temperature [9,10], substrate bias [3], sputtering target 

current [11], type of deposition technology [6], and the effects of different coating layers [5,12] on the 

coating grains morphology. Thornton’s structure zone diagram (SZD) was developed to estimate the 

effects of few deposition parameters on coating microstructure obtained by sputtering. Although it 

has some serious limitations concerning the real deposition systems, it has been used for years. 

Recently few groups of authors modified the model and incorporated additional deposition 

parameters in consideration. Finally, proposed by Anders [13], it evolved to SZD that accounts 

energetic deposition processes. However, all these models cannot predict the effects of specific 

combinations of substrate/coating materials and deposition conditions [13], such as coatings rotation 
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during deposition. Additionally, literature is scarce on papers addressing the effects of substrate 

materials (tool steels) and rotation during deposition on coatings topography and grain morphology.  

Focused ion beam (FIB) and transmission electron microscopy (TEM) are the most sophisticated 

techniques applied for studying the coating grain morphology. However, atomic force microscopy 

(AFM) is an easier to use, cheaper, and more accessible method for studying the coatings columnar 

grain morphology. In addition, no special sample preparation is required for AFM measurements. 

When coupled with image software analysis this technique provides a significant amount of valuable 

quantitative data.  

In this work, the effects of different metallic substrate materials and rotation during deposition 

on the topography and coating grain size are evaluated for nanolayer TiAlN/TiSiN coating deposited 

by industrial unbalanced magnetron sputtering unit. 

2. Materials and Methods 

2.1. Sample Preparation and Coating Deposition 

Nanolayer TiAlN/TiSiN coating was deposited on: quenched and tempered cold-work tool steel 

(EN X153CrMoV12), hot-work tool steel (EN X37CrMoV5-1), plasma nitrided hot-work tool steel (EN 

X37CrMoV5-1), hot rolled surgical stainless steel (EN X2CrNiMo18-15-3), and cemented carbide 

(WC/Co). Disk shaped samples, with dimensions of Ø 32 x 5 mm were prepared. The steel samples 

were ground and polished by a 3 μm diamond polishing paste. Prior to coating, deposition samples 

were degreased and cleaned in ultrasonic baths with deionized water and detergents and dried in 

hot air. 

The coating was produced by DC magnetron sputtering in an industrial unit CC800/9 

(CemeCon). The unit is equipped with four unbalanced planar magnetron sources arranged in the 

corners of a chamber (Figure 1). Details about deposition process are given in [14]. The coating was 

deposited on all five different substrate materials with 2-fold rotation, while cold-work tool steel was 

additionally coated employing 1-fold and 3-fold rotations. Designation of samples used in this study 

is given in Table 1. All samples were prepared in a single deposition batch. 

 

Figure 1. Schematic of substrate holder and position of targets. 
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Table 1. Samples designation. 

Rotation During 

Deposition 

Cold-Work 

Tool Steel 

Hot-Work 

Tool Steel 

Plasma Nitrided 

Hot-Work Tool 

Steel 

Surgical 

Stainless Steel 

Cemented 

Carbide 

1-fold CW-1f - - - - 

2-fold CW-2f HW PN SS CC 

3-fold CW-3f - - - - 

2.2. Coatings Characterization 

In order to determine mechanical properties of the coating, Fisherscope H100C tester equipped 

with Vickers diamond indenter was used. The maximal indentation depth was kept below 10% of the 

coating thickness. To achieve this, loads of 50 mN were applied. Hardness (H) and modulus of 

elasticity (E) were calculated using Oliver-Pharr method [15]. For calculation of the indentation 

modulus (E) Poisson’s ratio of 0.25 was used. Measured hardness and elastic modulus of coating on 

HW substrate was 2334 HV0.005 and 289.62 GPa, respectively. 

Coating thickness was measured using ball cratering method. Thickness of the coating deposited 

using 1-fold, 2-fold and 3-fold rotation was 6.38 μm, 3.6 μm and 2.6 μm, respectively 

Surface topography was evaluated using 3D stylus profilometry (Taylor Hobson Talysurf). The 

scanning area was 1 mm × 1 mm, with resolution of few tens of nm in z direction, 1 μm in x direction 

and 2 μm in y direction. In order to study the coatings topography on a nano level, atomic force 

microscopy (AFM) was employed. For this purpose CP-II di (Veeco) instrument was used. For 

roughness evaluations area of 90 μm × 90 μm was scanned, while for high resolution evaluations and 

detailed examinations of columnar grains area of 5 μm × 5 μm was scanned. All AFM images were 

acquired in contact mode using a symmetrically etched silicon-nitride probe. Scan rate, and set point 

were kept at 1 Hz, and 225 nN respectively. 

Scanning Probe Image Processor (SPIP, Image Metrology A/S) image analysis software was 

employed for determination of surface roughness and size of columnar grain. The number of coating 

growth defects (islands) was evaluated by using different thresholds which were determined in work 

of Panjan et al. [16]. A value of 0.5 µm was chosen as the threshold for detecting both islands and 

cavities. 

3. Results 

3.1. Topography and Grain size of Coatings Deposited on Different Substrate Materials 

Two representative 2D and 3D topography images of cemented carbide (CC) and stainless steel 

(SS) samples are presented in Figure 2. Spike-like features found on these images are nodular growth 

defects (defects), typical for coatings produced by industrial magnetron sputtering unit. SS sample 

displayed more defects compared to CC. However, the defects for CC sample appear larger. 
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Figure 2. 2D and 3D topography images obtained by profilometry on areas of 1 mm2: (a) CC sample; 

(b) SS sample. 

By analysis of 2D profilometry images, it was found that nodular defects on SS sample are 

arranged in a shape of a net. Formation of such features was not typical for other samples. 

Arithmetical mean roughness parameter (Sa) and density of nodular growth defects is for 

different samples shown in Figure 3. SS sample exhibited the highest roughness (Sa = 76.7 nm). Other 

samples exhibited approximately similar roughness Sa (ranging from 44.7 nm to 53.5 nm) which is 

considerably lower than for SS sample. The highest density of coating growth defects was detected 

on SS sample (338 / mm2). Density of defects on other samples was considerably lower, ranging from 

96 / mm2 to 166 / mm2. This is in agreement with topography images presented in Figure 2. On the 

other side, it was found that the overall volume of defects (V) is smaller for SS (VSS = 14.82 μm3) than 

for other samples (VCC = 28.64 μm3; VHW = 29.27 μm3; VCW-2f = 38.75 μm3; VPN = 44.37 μm3). 

 

Figure 3. Arithmetical mean roughness parameter (Sa) and density of nodular defects of different 

samples, determined on area of 1 mm2. 

Figure 4 presents higher resolution surface topography images of two representative samples, 

CC and SS, acquired by AFM on the areas of 90 μm × 90 μm. Besides growth defects, which were 
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observed by tactile 3D profilometry, higher-resolution AFM images bring additional information on 

the topographical features. I might be seen that the height of those features, in between the defects, 

is smaller for SS sample. Values of surface roughness, determined on areas of 90 μm × 90 μm, were 

different than those obtained by 3D tactile profilometry on areas of 1 mm2. Lower roughness was 

determined for HW, PN, and SS sample, 15, 15, and 14 nm, respectively. CC, and CW-2f sample 

displayed higher roughness of 27.2 and 28.1 nm, respectively. This is not in agreement with results 

(trends) obtained by profilometry, because the random selection of small scanning areas resulted in 

fluctuation of defect density on the examined surfaces. 

 

Figure 4. Surface topography obtained by AFM on areas of 90 μm × 90 μm: (a) CC sample; (b) SS 

sample 

To study the coatings nano-topography between the nodular defects, areas of 5 μm × 5 μm were 

scanned by AFM. Figure 5a and b shows 5 μm × 5 μm 3D AFM images of two representative samples, 

CC and SS. The semi-circular shapes of the asperities, present on surfaces of both samples, are the 

tops of the coatings’ columnar grains. Compared to the other samples, it appears that SS sample has 

smaller, more uniform grains, and considerably smoother surface. Surface roughness parameters of 

scanned 5 μm × 5 μm areas are presented in Figure 5c. It is clear that the SS sample exhibited the 

lowest roughness (7.9 nm). 

 

Figure 5. AFM surface analysis on areas of 5 μm × 5 μm: (a) Surface topography of CC sample; (b) 

Surface topography of SS sample; (c) Arithmetical mean height roughness parameter (Sa) of different 

samples. 

In order to investigate differences in grain size, grain analysis was performed for all investigated 

samples. For these purposes, 2D AFM images of 5 μm × 5 μm were used. Example of grain analysis 

is shown in Figure 6a for CC sample. The quantitative results obtained for different samples are 

presented in Figure 6b. The largest number of grains was determined for SS sample (1580), which 

means that this sample has the smallest grains. Lower and similar number of grains (ranging between 

490 and 614) was found for other samples. Mean grain diameter for SS sample is 125.6 nm, while for 

other samples ranges from 211.4 nm to 236.8 nm. 
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Figure 6. Grain analysis on areas of 5 μm × 5 μm: (a) Example of grain analysis of CC sample; (b) 

Grain count and mean grain diameter of different samples. 

3.2. Topography and Grain Size of Coatings Deposited on CW Sample with Different Rotations 

Surface roughness and density of nodular defects, determined by profilometry, is for CW 

samples deposited with different rotations presented in Figure 7. CW-2f and CW-3f samples 

exhibited almost the same surface roughness which is considerably lower than that obtained for CW-

1f sample. Generally, surface roughness (Sa) decreased with increased degree of rotation during 

deposition. With increased degree of rotation, also a declining trend of defect density is observed. 

Figure 8 presents 3D topography images of 5 μm × 5 μm areas of CW-1f, CW-2f, and CW-3f 

samples. The images were obtained by AFM measuring the zones between defects. Analysis of 

images presented in Figure 8. leads to several findings. First, the surface roughness decreased with 

increase in number of rotations. Second, the grain size appears to be the smallest for CW-1f sample 

and the highest for CW-2f sample. Third, on CW-1f sample the grains are agglomerated in groups 

and surface of this sample is quite uneven. Grain agglomeration is less pronounced for CW-2f and 

even less for CW-3f samples. Fourth, when compared to other two samples, CW-3f sample has the 

most uniform surface, which is in agreement with Sa parameter determined for measurements on 5 

μm × 5 μm area. CW-3f exhibited lower value of Sa (SaCW-3f = 15.3 nm) than other samples deposited 

at lower degree of rotation (SaCW-1f = 41.0 nm; SaCW-2f = 20.8 nm). 

 

Figure 7. Arithmetical mean roughness parameter (Sa) and density of nodular defects of CW samples 

deposited with different degrees of rotation, determined on area of 1 mm2. 
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Figure 8. Surface topography obtained by AFM on areas of 5 μm × 5 μm: (a) CW-1f sample; (b) CW-

2f sample; (c) CW-3f sample. 

Results of grain analysis performed on CW samples deposited with different rotations are 

presented in Figure 9. Analysis was performed on 2D AFM images of 5 μm × 5 μm areas. CW-1f 

sample contained the largest number of grains (1376), while CW-2f and CW-3f contained less grains, 

607 and 1060, respectively. Accordingly, the largest mean grain diameter was determined for CW-2f 

sample (213.5 nm), next was CW-3f sample (162 nm), and CW-1f sample exhibited the smallest mean 

grain diameter (136.2 nm). Generally, a specific trend in grain size dependency on degree of rotation 

was not observed. 

 

Figure 9. Grain count and mean grain diameter of CW samples deposited with different rotations. 

4. Discussion 

4.1. Effect of Substrate Materials On Topography and Coating Grain Size of TiAlSiN Nanolayer Coating 

Substrate materials used in this study can be divided in two groups. Tool materials (CW, HW, 

PN, and CC) belong in the first group, while stainless steel belongs in the second group. The main 

differences between these groups of materials are their microstructure and mechanical properties. 

Different coating surface topography and surface roughness were found for these two groups. 

Coatings deposited on tool materials displayed lower roughness and less defects, while coatings on 

stainless steel are of high roughness and contain more defects, Figure 3. Good correlation between 

the surface roughness and density of defects was observed. 

Comparable chemical composition, microstructure and precipitation of quite similar carbides in 

all investigated tool material samples resulted in their approximately same behavior. In these cases, 

the same density of growth defects was obtained. On the other hand, stainless steel sample does not 

contain carbides in its microstructure but exhibited the highest number of defects [17,18]. This 

indicates that formation of nodular defects on stainless steel sample has different origin. Stainless 

steel substrate has the lowest hardness (< 200 HV) among investigated materials. It is postulated that, 

because of low hardness, a large number of deformed micro/nano asperities on the surface may form 
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during the surface preparation by grinding and polishing. Additionally, sandpaper or diamond paste 

particles more easily embed into such a soft substrate. Both mentioned effects are usually more 

pronounced at steel grain boundaries. Overall, these effects caused formation of larger number of 

nodular defects on SS sample, which are distributed in pattern that follows the shape of the 

underlying substrate grain boundaries. 

Generally, the topography of all investigated samples appears quite similar because it is 

dominated by nodular defects. However, their nano-topography between the nodular defects 

appears considerably different. Again, surgical stainless steel displayed different behavior than other 

investigated substrate materials. In the areas between nodular defects SS sample exhibited the lowest 

surface roughness (Figure 5), which is attributed to smaller and more uniform coating grains 

determined for this sample, Figure 6b [6]. 

Coatings deposited on the group of tool materials exhibited larger grains than the coating 

deposited on surgical stainless steel. The fact that all samples were deposited under the same 

conditions in the same batch, indicates that the observed differences in the grain size may only arise 

as a consequence of the different coating growth on materials with different microstructures. 

Substrates belonging to the group of tool materials mostly contain tempered martenzite in their 

microstructure. On the other side, the microstructure of a stainless steel comprises of austenite [18]. 

Therefore, it is suggested that coatings grown on substrates with martenzite (except CC sample) 

displayed larger grains and uneven surface morphology, while coatings grown on substrates with 

austenite microstructure exhibited smaller grains and smooth surfaces. Diameter of columnar grains 

obtained on surgical steel (125 nm) belongs to group of fine columnar grains. Considering that 

smaller grains lead to better mechanical properties and increased resistance to crack propagation, 

coating deposited on stainless steel substrate is expected to demonstrate higher mechanical 

properties. 

4.2. Effect of Rotation on Topography and Coating Grain Size 

Coatings deposited with different degrees of rotation displayed differences in their surface 

roughness (Sa). Decrease of roughness was detected on coating deposited with higher degree of 

rotation, Figure 7. As indicated in Chapter 2.2, the coating thickness decrease with increase in degrees 

of rotation. Considering that the coating thickness affects its roughness [4,8], it is suggested that the 

observed trend is related to the effects of coating thickness, and not solely to effects of rotation during 

deposition. Additionally, it is postulated that nodular defects of thicker coatings (1-fold, 2-fold) may 

grow higher and more easily above the set detection threshold of 0.5 µm. Consequently, this would 

raise the surface roughness (Sa). Therefore, it is proposed that future investigations of substrate 

rotation on coatings roughness should be performed on coatings with the same thickness. 

Coating deposited with 1-fold rotation exhibited smaller grains than the coating deposited with 

2-fold and 3-fold rotation, Figure 9. Although it is expected that coating with smaller grains should 

exhibit lower surface roughness, quite the opposite behavior was discovered. Coating deposited with 

1-fold rotation displayed higher surface roughness than 2-fold and 3-fold coatings, Figure 7. The 

observed increase in surface roughness, of the coating deposited with 1-fold rotation, is addressed to 

pronounced grain agglomerations and formation of surface with uneven morphology. On the other 

side, coatings produced with higher degree of rotations exhibited lower roughness due to more even 

surfaces. Similar behavior was observed by Gselman for TiAlN/CrN nanolayer coating [19]. Higher 

degree of rotation (2-fold, 3-fold) decreases the deposition rate [20] and increases ion bombardment 

of the growing film. It is known that higher ion bombardment increases the adatom mobility which 

consequently results with films of lower surface roughness [8]. The grain agglomeration and uneven 

surface topography detected for coating deposited using 1-fold rotation is a result of high deposition 

rate and low ion bombardment. Generally, no specific trend of columnar grain size on degrees of 

rotation was observed. 

In order to better understand the influence of substrate rotation during deposition on grain size, 

additional research is required. Such research should include a larger number of samples and/or 

experiment repetitions and surface evaluations on more points on coated samples (3 to 6). 
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Additionally, besides AFM analysis surfaces should be also analyzed by other microscopy 

techniques. 

5. Conclusions 

In presented study, nanolayer TiAlN/TiSiN coating was deposited on five different substrate 

materials using 1-fold, 2-fold and 3-fold rotation. Influence of substrate material and degree of 

rotation on coating topography and grain size was investigated. From presented investigation the 

following conclusions can be drawn: 

• For investigated cases it was found that the coating surface roughness (Sa) is directly correlated 

with number of nodular growth defects. 

• Coating deposited on surgical stainless-steel substrate (EN X2CrNiMo18-15-3) exhibited higher 

roughness and defect density than the coating deposited on investigated tool materials (EN 

X153CrMoV12, EN X37CrMoV5-1, plasma nitrided EN X37CrMoV5-1, and WC/Co). The 

investigated stainless steel did not contain carbides in its microstructure and it was quite soft. 

Consequently, during grinding and polishing a lot of asperities formed on surface (and particles 

embedded) which was especially pronounced on austenite grain boundaries. Therefore, it is 

postulated that coating growth defects preferably form as a consequence of difficulties in surface 

preparation. 

• It was found that, nanolayered TiAlN/TiSiN coating generally grows with larger columnar grains 

on tool-steels with tempered martenzite microstructure, and on WC/Co, than on surgical stainless 

steel with austenite containing. 

• Lower surface roughness (Sa) was detected on coating deposited with higher degree of rotation 

(2-fold, 3-fold). Considering that surface roughness is also affected by coating thickness, decrease 

in surface roughness is attributed to combined effects of rotation during deposition and increase 

in coating thickness. 

• Coating deposited with 1-fold rotation displayed pronounced grain agglomeration, uneven 

surface topography, and higher roughness on a nano level. This is a result of high deposition rate 

and low ion bombardment. 

• Smaller columnar grains were detected on coating deposited with 1-fold rotation, than 2-fold and 

3-fold. However, no clear dependence of coatings columnar grain size on degrees of rotation 

during deposition was observed. 

• In order to better understand influence of rotation on topography and on coating grain size, 

additional comprehensive investigation is required. 
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