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Abstract: In this study, the effects of the microstructural properties on the deformation and damage 

mechanism of CrN/TiN multilayer coatings deposited on Custom 450 steel using the unbalanced 

reactive magnetron sputtering PVD process were studied. All coatings were fabricated with an 

overall thickness of 1.5 μm, but different bilayer periods (Λ). Structural and mechanical properties 

of coatings were investigated by XRD analysis and nanoindentation experiment, respectively. 

Indentation tests at three loads of 100, 300, and 450 mN were performed on the coatings’ surface 

and then, cross-sections of fractured imprints were analyzed with SEM and TEM. Measuring the 

length of the cracks induced by indentation loads and analyzing the load-displacement curves, 

apparent fracture energy values of multilayer coatings were calculated. We observed that multilayer 

systems with bilayer periods of 4.5–15 nm possess superlattice structure, which also results in higher 

values for Young’s modulus and hardness as well as higher fracture energy. Comparison of cross-

sectional SEM and TEM observations showed that coatings with smaller bilayer periods tend to 

deform by shear sliding mechanism due to the existence of the long-grown columns, while short 

dispersed grains—growing in the coatings with a larger bilayer period—led to deformation via local 

grain boundary sliding and grain rotation. 

Keywords: CrN/TiN multilayer coatings; superlattices; cross-sectional SEM and TEM analysis; 

deformation mechanism; fracture energy 

 

1. Introduction 

Gas turbine compressors are prone to performance losses because of erosion of the compressor 

blades when being operated in regions with a dusty and sandy atmosphere and when sand, fly ash, 

salt, and ice crystals or volcanic ashes are ingested. The fabrication of the protective coatings by 

various deposition methods allows solving such problems in industrial applications to improve wear 

and corrosion resistance and, particularly, prevent compressor blades from premature loss of 

material. A wide variety of multilayer coatings comprising transition metal nitride layers such as 

TiN, CrN, TaN, MoN, and VN have been extensively studied due to their promising properties as 

high hardness, high melting temperatures, and good chemical and physical stability [1–8]. Amongst 

different transition metal layer combinations, CrN/TiN multilayer coatings have attracted great 

attention on the interrelation among their microstructure, morphology, and resulting mechanical 

properties [4,9–17]. 
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Significant enhancement in measured hardness values was achieved by growing the films in a 

nanolayered architecture, referred to as superlattice films. Thereby the bilayer period—the thickness 

of two repeating layers—is in the nanometer range [17,18]. Beside the increasing demand to improve 

the coatings deformation strength through the hardness enhancement, a sufficiently high cracking 

resistance defined as fracture toughness is also requested to sustain the coatings and underlying 

materials integrity against abrupt rupture of the system. Usually, hardness and toughness are related 

inversely together, and a compromise needs to be reached [19–22]. Nevertheless, multi-layering is 

known to improve both hardness and toughness by means of different mechanisms like threading 

dislocations to individual layers by interfaces, generalized Hall–Petch-like effect and multitude of 

internal interfaces causing crack deflections at interfaces [23,24]. By employing in-situ 

micromechanical cantilever bending tests on free-standing TiN/CrN superlattice films, simultaneous 

increase in both fracture toughness and hardness peaking at similar bilayer period was reported by 

Hahn et al. [17]. 

Although numerous studies report on the enhanced mechanical properties of CrN/TiN 

multilayer coatings, only a few works dealt with deformation behavior investigation of nitride 

multilayer coatings [10,25]. Since some films produced by physical vapor deposition like TiN tend to 

exhibit columnar grain structures, inter-granular shear sliding is supposed to improve the damage 

resistance of coatings [26]. Nanoscratch experiments performed on CrN/AlN nanolaminate coatings 

with constant bilayer period followed by cross-sectional scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) showed that plastic deformation is mainly due to the grain 

rotation for nanocrystals and grain boundary sliding (GBS) for larger grains [25,27]. However, effects 

of different bilayer periods on the deformation mechanisms as well as toughness have not been 

considered in these studies. Based on the complex nature of toughness measurements in scratch tests, 

indentation experiment is a more useful characterization method which can give better measuring 

tools to determine the apparent fracture toughness regarding the induced cracks and better 

understanding of the deformation events inside the coating through cross-sectional SEM and TEM 

analyses. Fracture modes affecting thin films and coatings of various materials have been extensively 

studied using indentation; generally, three types of fracture can be observed: radial cracks that initiate 

on the median planes, near-contact Hertzian cone fractures, and circumferential ring cracks that 

initiate well outside the contact [28]. Therefore, based on the generated cracks, relevant approaches 

are used to calculate the apparent fracture toughness. 

In the present study, CrN/TiN multilayered coatings with bilayer periods in the range of 1.5–

1500 nm were deposited on the Custom 450 steel by an unbalanced reactive magnetron sputtering 

process. The chosen isostructural system (forming a solid solution and indicating potential coherent 

growth) shows a difference in lattice constants of ~0.1 Å (4.2417 Å (ICDD 00-038-1420) and 4.144 Å 

(ICDD 01-083-5612) for TiN and CrN respectively). This leads to potential coherency stresses—in the 

case of an ideal interface—of −5.0 and 3.7 GPa for TiN and CrN, respectively, in addition to growth-

related and thermal stresses. An interface width of one unit cell (due to interdiffusion) consequently 

reduces these stresses by half to −2.5 and 1.8 GPa. Structural and mechanical properties were 

investigated using XRD and nanoindentation, respectively. Additionally, indentation experiments 

were performed on all multilayers to compare the coatings’ response to deformation induced by 

cracking mechanism. Considering the generated cracks and analyzing the load-displacement curves, 

dissipated energy values were calculated. Failure mechanisms were also analyzed using cross-

sectional SEM and TEM observations. Special attention was paid to the deformation features and 

crack paths and their interaction with microstructure and layers configuration, interlayers or coating-

substrate interface. 

2. Materials and Methods 

The CrN/TiN multilayer coatings were deposited on Custom 450 steel, which is a tempered 

martensitic stainless steel frequently used in, e.g., axial compressor blades. The substrates were 

prepared in mirror polished sheets with the dimensions of 20 × 7 × 1.5 mm3. Prior to the deposition, 

the substrates were ultrasonically cleaned in acetone and ethanol, mounted inside the chamber and 
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thermally cleaned for 20 min (at 300 °C). In order to further cleaning of substrates, by applying a 

voltage of −750 V and using Ar+ ions, plasma etching was performed for 10 min at a total pressure of 

6 Pa. Using unbalanced reactive magnetron sputtering PVD method with an AJA Orion 5 lab-scaled 

machine (AJA International, Scituate, MA, USA), deposition process in the chamber equipped with a 

three-inch Ti (grade 2) and a two-inch Cr target with purity of 99.6% for both was carried out. Argon 

(Ar) and nitrogen (N2) were used as process and reactive gases, respectively. 

The layers’ deposition was carried out at a substrate temperature of 300 °C with a total pressure 

of 0.4 Pa and a bias voltage of −60 V (using a DC power supply) applied to the rotating substrates. 

The process parameters are listed in Table 1. With the same parameters but different bilayer periods, 

different CrN/TiN multilayer systems were deposited with equal total thickness using a computer-

controlled shutter system. All of CrN/TiN multilayer systems were designed to have a nearly equal 

thickness (about 1.5 μm) and bilayer periods, Λ, of 1.5, 4.5, 7.5, 15, 37.5, 150, 375, 750, and 1500 nm 

(symmetrically composed of TiN and CrN layers). 

Table 1. Deposition parameters for CrN/TiN multilayers. 

Process Parameter Unit Value 

Average deposition time min 220 

Deposition temperature °C 300 

Argon flux sccm 5 

Nitrogen flux sccm 5 

Total pressure Pa 0.4 

Ti cathode current mA 1000 

Cr cathode current mA 600 

Bias voltage V –60 

In order to evaluate the morphology and thickness of coatings, pictures of cross sections were 

taken using secondary electron (SE) detector in a FEI Quanta 200 FEGSEM scanning electron 

microscope (Hillsboro, OR, USA). Energy dispersive X-ray spectroscopy (EDX), calibrated using 

SECS Light-element Calibration Standard CrN (Ardennes Analytique SPRL), was used for chemical 

investigations of the coatings. Phase composition was analyzed by means of X-ray diffraction (XRD). 

In symmetric Bragg–Brentano geometry, the X-ray diffraction patterns were collected using a 

PANalytical XPert Pro MPD (θ-θ diffractometer, Malvern Panalytical, Malvern, UK) equipped with 

a Cu Kα X-ray radiation source (λ = 1.5406 Å). 

For evaluating the hardness and Young’s modulus, nanoindentation experiments were carried 

out on coatings using a Fischer Cripps ultra-micro indentation system (UMIS) equipped with a 

Berkovich diamond tip. The nanoindentation tests were carried out by performing 31 indents on each 

coating with different loads. Indentation hardness, H, and modulus, E, were obtained by evaluating 

the unloading parts of the load-displacement curves after Oliver and Pharr [29] and assuming the 

Poisson’s ratio to be 0.25. A detailed description of the evaluation process of the film-only values as 

well as the information on the accuracy of the measurements and indentation equipment is given in 

References [30–32]. 

In order to investigate the fracture phenomena, sufficiently high loads have to be applied. 

Utilizing UMIS equipped with a cube-corner diamond tip, indentation tests were performed at 100, 

300, and 450 mN (five indents at each load). By analyzing discontinuities in the loading parts of the 

load-displacement curves and using energy method suggested by Chen et al. [33], fracture energy 

was determined. 

After the investigations of the fracture surfaces by SEM, in order to explore the cracks inside the 

coating (especially beneath the indent region) as well as the mechanism of plastic deformation of the 

CrN/TiN multilayers, TEM and scanning TEM (STEM) analyses were performed on a FEI TECNAI 

F20 device, equipped with a field emission gun and operated at 200 kV acceleration voltage. For this 

purpose, electron transparent cross-sectional samples were prepared across the diagonal of imprints 

by means of focused ion beam (FIB) technique with Ga+ ions. To prevent damage to the sample, 
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CrN/TiN multilayers were coated with a thin layer of platinum (Pt) before FIB-preparation. The latter 

was carried out by using a stepwise milling starting with an acceleration voltage of 30 kV and milling 

current of 5 nA, which was subsequently reduced to 0.1 nA for final milling. All STEM micrographs 

were taken using a high-angle annular dark field (HAADF) detector for mass contrast. 

3. Results and Discussions 

3.1. Coating Morphology and Structure 

Cross-sectional morphology of films and their multilayer structure were studied by SEM 

analysis. Figure 1 shows selected images of the TiN/CrN multilayer with the bilayer periods of 4.5 

nm (a) and 150 nm (b) and nearly equal total thicknesses of about 1.5 μm. Due to the extremely small 

layer thickness in the multilayer coating with Λ = 4.5 nm, layer arrangements cannot be observed in 

SEM image of Figure 1a. Therefore, an inset picture (placed in the top right side of Figure 1a) taken 

by TEM is used to demonstrate the layered structure. Meanwhile, multilayer structure of the coating 

with Λ = 150 nm can easily be seen in SEM image of Figure 1b, in which bright and dark areas 

represent CrN and TiN layers, respectively. Due to different rates of cathode evaporation and nitride 

formation, TiN layers are slightly thicker than CrN layers, which is more evident in the samples with 

larger bilayer periods. 

 

Figure 1. Secondary electron scanning electron microscopy (SEM) image of polished cross-sections of 

CrN/TiN multilayer coatings with bilayer periods of (a) 4.5 nm and (b) 150 nm. The insets show TEM 

images of those coatings. 

Structural investigation of multilayers was carried out with XRD analysis and patterns are 

presented in Figure 2. An XRD pattern of Custom 450 steel is included as the bottom graph in Figure 

2, in order to highlight the 2θ position of the substrate reflections in the XRD patterns of our CrN/TiN 

multilayers. In addition, XRD patterns of our monolithic CrN and TiN films allow one to track the 

peak shift (the observed main peak (220) for CrN is not shown here). The XRD patterns of CrN/TiN 

multilayer coatings with increasing bilayer period are arranged from bottom to top. All of the thin 

films reveal a face-centered cubic (c) structure with highly oriented (111) growth. Due to the presence 

of compressive residual stress in PVD coatings caused by thermal expansion coefficient difference 

between metallic substrate and ceramic layers, cumulative main peaks have shifted towards lower 

2θ values as compared to diffraction patterns acquired from the (stress-free) powders of c-TiN (ICDD 

00-038-1420) and c-CrN (ICDD 01-083-5612). Coatings with bilayer periods of 4.5, 7.5, and 15 nm show 

negative and positive satellite peaks being indicative of a superlattice structure. The superlattice 

structure cannot be observed for the films with bilayer period of 1.5 nm, when a solid solution of c-

TiN and c-CrN is assumed to form, and exceeding 37.5 nm, when c-TiN and c-CrN layers are much 

less mutually affected as reflected in clearly separated (111) reflections, see Figure 2. 
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Figure 2. X-ray diffraction (XRD) patterns of TiN/CrN coatings with increasing bilayer period from 

bottom (Λ = 1.5 nm) to top (Λ = 1500 nm). The first three bottom diffractograms stem from the 

uncoated substrate, and binary monolithic CrN and TiN. 

EDX analysis of TiN and CrN monolithic coatings carried out on three different spots on the 

surface close to both edges and in the middle reveals uniform distribution of the elements (see the 

errors bars in Figure 3). Moreover, EDX analysis also reveals superstoichiometry in all coatings (see 

Figure 3). Accordingly, N content in monolithic CrN was found to be 56 at.%, even higher in 

monolithic TiN, namely 60 at.%, while it was about 57 at.% in multilayer coatings CrN/TiN. Such a 

high concentration of nitrogen in B1 structured CrN and TiN might be directly related to the low 

deposition temperature [34]. In fact, superstoichiometry was observed in many earlier studies on TiN 

[35–38] and CrN [39] coatings deposited at low temperatures by means of magnetron sputtering. It is 

also worth mentioning that elemental composition in the referenced studies was determined by more 

reliable techniques, e.g., RBS [38] or AES [36]. According to the earlier first-principle calculations, 

superstoichiometric B1-CrNx (x > 1) energetically prefers to form through the generation of metal 

vacancies and incorporation of nitrogen into the anti-sites rather than through incorporation of 

nitrogen into the interstitial sites [40]. Additionally, superstoichiometry might also be caused by 

excessive nitrogen at grain boundaries, since a high nitrogen-to-total-pressure ratio was used during 

all depositions [35]. 
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Figure 3. EDX analysis of all coatings studied. The area of large bilayer periods is shadowed since the 

penetration depth of the X-rays of a few hundred nanometers provides information about the top 

layer (TiN) to a higher extent the larger the bilayer period is. The error bars obtained for CrN (blue 

empty symbols) and TiN (red empty symbols) monolithic coatings represent standard deviation from 

the mean values resulted from the measurements on three different spots on the surface: in the middle 

and close to the edges. 

3.2. Mechanical Properties 

The results of nanoindentation tests show that TiN/CrN multilayer coatings exhibit the hardness 

values between that of binary TiN (36.7 ± 1.8 GPa) and CrN (25.1 ± 1.2 GPa) independent of bilayer 

period, see Figure 4a. However, bilayer period plays a crucial role in the hardness of TiN/CrN 

multilayer coatings. The highest hardness was 33.1 ± 2.0 GPa for the bilayer period of 7.5 nm (see 

Figure 4a). According to the XRD investigations shown in Figure 2, such bilayer period results in the 

most pronounced superlattice structure as well. 

With increasing bilayer period, indentation hardness of TiN/CrN multilayers decreases 

noticeably to 29.5 ± 2.4 GPa (Λ = 37.5 nm) and to 28.4 ± 0.8 GPa (Λ = 150 nm) but remains slightly 

above 28 GPa with further Λ increase up to 1500 nm. Hardness decrease in TiN/CrN multilayers with 

increasing bilayer period can be associated with decreasing volume fraction of the interlayer 

interfaces and hence facilitation of dislocation propagation into the adjacent layers. Larger bilayer 

periods also allow the formation of larger grains, and hence provide a lower volume fraction of the 

grain boundaries. Accordingly, dislocation movement is less impeded. 

At the same time, smaller bilayer periods also result in lower hardness values of the multilayer 

coatings, compare 32.1 ± 2.2 GPa (Λ = 4.5 nm) and to 31.9 ± 1.8 GPa (Λ = 1.5 nm). According to XRD 

analysis, the smaller Λ is, the less pronounced the superlattice structure becomes and the more such 

multilayers tend to form a (Ti,Cr)N solid solution. This in turn leads to the loss of barrier properties 

possessed by multilayer structures. 

The indentation modulus of TiN/CrN multilayer coatings shows a similar trend as indentation 

hardness and lays between E values of binary TiN (427 ± 14 GPa) and CrN (313 ± 12 GPa) independent 

of bilayer period, see Figure 4b. However, indentation modulus peaks in the E–Λ curve (showing 399 

± 21 GPa) for a lower Λ = 4.5 nm. With increasing bilayer period, indentation modulus of TiN/CrN 

multilayers decreases noticeably to 383 ± 18 GPa (Λ = 7.5 nm) and to 364 ± 35 GPa (Λ = 15 nm) but 

remains about 360 GPa with further Λ increase up to 1500 nm. Similarly, smaller bilayer periods also 

result in lower indentation modulus of the multilayer coatings, compared with 381 ± 12 GPa (Λ = 1.5 

nm). 
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(a) (b) 

Figure 4. Indentation hardness H (a) and modulus E (b) of our TiN/CrN coatings as a function of their 

bilayer period. 

3.3. Fracture Investigation 

Cracking and deformation mechanics were observed after high-load indentations performed 

with a cube-corner indenter. After examination of the residual imprints via SEM, all of our multilayer 

coatings show similar patterns without radial cracks initiated on the imprint edges or blister area due 

to buckling, which is common for many PVD hard coatings with huge residual stresses [28]. 

High-magnification SEM (HMSEM) examination of the residual imprints made at loads ≤100 

mN suggests that no cracks could be generated in the multilayer coatings. This is furthermore 

supported by the continuous load-displacement curves and testifies to a high cohesive strength 

preventing the initiation of surface cracks caused by high bending tensile stress around the indenter. 

Since cracking is not a relevant mechanism to address the plastic deformation of the coatings at such 

loads and considering columnar structure of the coatings, grain sliding could be the major reason 

(see the discussion of the TEM investigations). 

However, if higher loads are applied, HMSEM observations reveal circumferential cracks 

around the indent region with differences in radius and distribution depending on the loading level 

but also bilayer period of multilayers, see Figure 5. By increasing the load to 300 mN and 

consequently increasing the bending tensile stress at the coating surface, surface cracks emerge and 

form the circumferential cracks around indent zone as shown in Figure 5b. Crack may propagate 

downward to the coating-substrate interface or deflect at the interlayers interface. Load-displacement 

curve reveals a pop-in at the load about 130 mN. According to previous studies [33,41], this plateau 

is related to the local delamination of the coating due to high lateral pressure (which can be used to 

quantitatively estimate apparent fracture toughness of the coatings). Upon further increase of the 

load, based on the toughness and buckling resistance of the delaminated area, second circumferential 

crack forms outside the first one. As soon as the second crack propagates completely downward to 

the interface, another plateau will appear in the load-displacement curve. Since we observe only one 

plateau in the load-displacement curve of each coating, there is only one crack completely propagated 

to the substrate and initiated coatings delamination. 

For a better understanding of the fracture events, especially those at the coating-substrate 

interface, as well as investigation of second and third circumferential cracks and their correlation 

with structural properties, cross-sectional studies of the residual imprints were carried out by means 

of SEM. For this purpose, one half of the imprint was removed in a FIB milling process leaving the 

cross-section of the remaining area for investigations (see Figure 6). The cross-section in Figure 6b 

elucidates the major fracture events, namely surface-initiated cracks, as well as coating-substrate 

interface delamination. 

0 10 20 30 40 400 800 1200 1600
20

24

28

32

36

40

 Indentation hardness, H

L (nm)

H
 (

G
P

a
)

TiN

CrN

0 10 20 30 40 400 800 1200 1600

 Indentation modulus, E

L (nm)

280

320

360

400

440

480

E
 (

G
P

a
)

TiN

CrN



Coatings 2019, 9, 363 8 of 17 

 

 

Figure 5. Residual imprints after indentation of the multilayer coating with Λ = 4.5 nm with a cube-

corner indenter at 100 (a), 300 (b), and 450 (c) mN. 

 

Figure 6. Schematic representation of the removed area by focused ion beam (FIB) (a) and cross-

sectional scanning electron microscopy (SEM) image of milling channel (b) for the multilayer coatings 

with Λ = 4.5 nm. 

Based on the bilayer period, different cracking mechanisms can be observed in the multilayer 

coatings as revealed by the cross-sectional SEM investigations shown in Figure 7. These include 

circumferential cracks (CC), shear steps (SS), and interfacial cracking (IC) or delamination. Due to the 

presence of the columnar structure as well as layered configuration in the multilayer coatings, a 

complex combination of the deformation mechanisms occurs. Based on the generated stresses 

beneath and around the indenter, deformation behavior of the multilayer coatings can be divided 

into two regimes: compressive and tensile. As the indenter approaches the coating surface and pushes 

down the whole system, high compressive stress arises directly beneath the indenter which forces 

the columns to slide alongside each other producing shear steps. The required shear stress to initiate 

the column sliding depends mainly on the size and distribution of the columns as well as the number 

of the interlayer interfaces. By increasing the number of the interlayer interfaces (hence decreasing 

the bilayer period), additional barriers appear hindering the columns glide. Coatings with bilayer 

periods of 150 and 375 nm produce wider steps (Figure 7c,d), whilst the superlattice coating with Λ 

= 4.5 nm produces steps with a narrow width. Larger bilayer periods can ease the deformation process 

due to less interface barriers and smaller number of the grains. On the contrary, a higher number of 

the interlayer interfaces and grains requires more energy to activate columnar glide. Therefore, 

coatings with larger bilayer periods tend to deform by local shear sliding, while with smaller bilayer 

periods in the more slid areas. Accordingly, only small cracks are observed for the coatings with Λ = 

150 and 375 nm, while circumferential cracks can be clearly seen for Λ = 4.5 nm. 



Coatings 2019, 9, 363 9 of 17 

 

 

Figure 7. Scanning electron microscopy (SEM) images of focused ion beam (FIB)-exposed cross-

sections of the multilayer coatings with Λ = 1.5 (a), 4.5 (b), 150 (c), and 375 (d) nm. The location of 

circumferential cracks (CC), shear steps (SS), and residual cracks is shown with the arrows. 

Furthermore, in the first stages of loading with small displacement of the indenter, maximum 

tensile principal stress will be produced in the coating-substrate interface and then be expanded to 

the middle of the coatings [26,42]. Whenever sufficient principal stress arises at the coating-substrate 

interface, coatings with weaker column boundaries and wider shear steps are prone to generate the 

radial cracks caused by opening of the two adjacent steps (Figure 7c,d). Multilayer effect can play a 

major role in the propagation and growth path of the radial cracks towards the coating’s surface. 

Radial cracks can be observed in Figure 7 for multilayer coatings with bilayer period of 1.5, 150, and 

375 nm, which indicates that after formation of the shear steps at the coating-substrate interface, these 

coatings become less resistant to the upward crack growth. However, these types of cracks are not 

obvious for the coating with Λ = 4.5 nm indicating that superlattice structure has a significant 

resistance against radial crack growth as compared to other multilayer coatings. 

After increasing the load and consequently increasing the indenter penetration into the coating, 

bending tensile stress will be generated in the coatings’ top layers around the indenter, producing 

the maximum tensile principal stress. In this stage, mentioned area of the coatings acts as a beam and 

surface cracks start forming circumferential cracks. Focusing on first and second circumferential 

cracks in Figure 7 presented by CC marks, it can be seen that the first crack is formed at the end of 

the indent zone for the coatings with the superlattice structure (e.g., Λ = 4.5 nm in Figure 7b), whilst 

for other multilayer coatings it is generated a little far away from the indentation edge. This might 

result from a higher amount of energy released through the shear steps and radial cracks in solid 

solutions (Figure 7a) and multilayers with significantly larger bilayer periods (Figure 7c,d) as 

compared to superlattices. Furthermore, consumed energy in shear steps will reduce the total work 

of the indenter and consequently maximum generated stress at the coating’s surface will be decreased 

and shifted far off the indent zone. Therefore, the formation of the circumferential cracks for 

superlattice structures is faster than in other systems, which is also an indicator of the higher hardness 

and elastic properties, which is in line with the results of the nanoindentation measurements. 

Once first circumferential cracking occurs, followed by the column glides under the indenter 

contact area, local delamination in the coating-substrate interface takes place and upon further 

increase of the indenter load, interfacial cracks grow up. In Figure 7b, directly under the first 

circumferential crack, delamination occurred and expanded to the larger areas. Because of the high 

elastic recovery of the superlattice coatings during unloading stage and spring-back effect of the 

system (showed by high elastic modulus obtained with nanoindentation tests), the delaminated area 

becomes more obvious. For coatings with larger bilayer periods, delamination happens due to the 
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coalescence of the separate cracks induced by shear steps. (Interfacial cracks or delamination effects 

will be manifested as a plateau in the load-displacement curve.) 

Another significant observation in the cross-sections of the residual imprints (see Figure 7) are 

the second circumferential cracks around the indent area. These second circumferential cracks are 

more pronounced for multilayer coatings with superlattice structures, which also show horizontally 

deflected path, while other multilayer systems demonstrate non-deflected growth path for second 

circumferential cracks. Crack deflection can in turn lengthen the propagation length and therefore 

increases the apparent fracture toughness. Hence, when multilayer coatings deform as a beam, 

surface cracks induced by high bending tensile stress represent different growth paths. Previous 

studies on the fracture investigations on the free-standing multilayer coatings, prepared as a single 

cantilever beam and subjected to bending loads, reveal improved fracture toughness for coatings 

with superlattice structures [16,17,43]. 

As discussed above, the combination of various mechanisms in the tension and compression 

state of the overall stress induced in the multilayer coatings happens during general fracture of the 

system. In order to quantify the fracture investigations, plateau portions of the load-displacement 

curves for all multilayer coatings are analyzed. In Figure 8, plateau section of the loading curve is 

magnified for a better measurement of the required parameters. Once load reaches F1 at the 

displacement h1, a sudden jump of the indenter in the displacement caused by delamination of the 

coating induces a step in the curve, ending at the load F2 and the corresponding displacement h2. This 

step is an indication of the energy dissipated during fracture, U. At the absence of the cracking and 

delamination in the system, load-displacement behavior of the curve from h1 to h2 follows the red line 

in Figure 8, resulting in F3 in the displacement of h2. The obtained area between the extrapolated red 

line and experimental green line and limited by the black curve represents the energy dissipated 

during the fracture. (Here, the black curve is a result of extrapolation of the unloading curve acquired 

at 100 mN, i.e., without steps, up to the intersection point with the red line). The calculated dissipated 

energy for the multilayer system with Λ = 4.5 nm has the maximum value implying the highest 

energy required for cracking activation and consequently toughness. It should be noted that obtained 

energy is the resultant of all mechanisms of absorption of the deformation energy, however, the 

cracking mechanism is predominant. Fracture energy decreases with increasing bilayer periods up 

to 200 nm but increases again with larger bilayer periods, see Figure 9. This result is in accordance 

with previous studies [16,17], indicating that the effect of a multilayer structure on cracking resistance 

is more dominant than shear sliding of the granular structure effect. The increase in dissipated energy 

for bilayer periods larger than 150 nm can be attributed to the relatively large TiN top layer 

dominating the fracture process. The resulting apparent fracture toughness can be calculated as 

follows: 

�� = �
��

(1 − ν�)�
 (1) 

Here, E and ν are indentation modulus and Poisson’s ratio of the coating, respectively [28]. A 

can be expressed as A = 2π∙CR∙t, where, 2π∙CR is the crack length in the coating plane, CR is the radius 

of circumferential through-thickness crack formed around the indenter, and t is the coating thickness. 

The apparent fracture toughness of our multilayers follows the trend given by the dissipated energy. 

Due to the significant influence of the top TiN layer on the fracture toughness values for multilayer 

coatings with bilayer periods larger than 150 nm, obtained values cannot be purely related to the 

multilayer system. Additionally, the right side of the Figure 9 representing the fracture energies for 

coatings with Λ > 150 nm, is blurred. Summarized results are listed in Table 2. 
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Figure 8. Schematic illustration of the plateau formed in the load-displacement curve and defined 

parameters. 

 

Figure 9. Dissipated energy dependence on the bilayer period for CrN/TiN multilayer coatings. 

Table 2. Summarized obtained data for toughness measurement of the multilayer coatings. 
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1.5 CC, SS 5.04 136.04 141.87 1.90 2.42 8.12 8.34 

4.5 CC, SS 4.82 127.39 134.63 1.88 2.39 8.28 8.82 

7.5 CC, SS 5.02 127.39 135.08 1.85 2.33 7.46 8.04 
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3.4. TEM Investigations 

Cross-sectional TEM as well as STEM observations allow us to provide deeper insights into the 

deformation events in multilayer coatings with Λ = 4.5 (with the most pronounced superlattice 

structure, Figure 10) and 150 nm (Figure 11) after indentation with a cube-corner indenter at 100 mN. 

Four shear steps on each side of the residual imprint in superlattice coating with Λ = 4.5 nm can 

clearly be observed in the cross-sectional STEM-HAADF image, see Figure 10a. This illustrates that 

columnar glide is the main deformation mechanism when applying indentation loads ≤100 mN. 

Selected Area Electron Diffraction (SAED) patterns of the three regions: “1” for area beneath the 

indenter tip, “2” for indented edge region and “3” for regions far away the indented zone; are shown 

in Figure 10b–d, respectively. All of the SAEDs represent intense diffraction ring in <111> direction 

with discrete ring spots indicating the mostly regular distribution of grains. Due to high deformation 

under indenter and indented edge area, their patterns turn to more blurry spot rings, compared to 

those for un-deformed area (region “3”). Additionally, a bright-field image reveals continuous 

columns growing parallel to each other and though a high number of the layers (Figure 10e). It can 

be seen clearly that the shear steps are initiated along the large columns glide direction and continued 

directly to the coating-substrate interface without any deflection (see Figure 10f,g). By imposing more 

constraint and confinement against the columnar glide from the substrate in the coating-substrate 

interface, the gap between two adjacent steps can generate a radial crack. As loading increases, the 

number of steps also increases and interaction between increased number of the radial cracks and 

compressive stresses holding columns in contact causes interfacial delamination (see Figure 7b). The 

bright-field image of the near-surface area (marked “4” in Figure 10a) shows that beside the long 

columns glide line, short inclined glide line induced by smaller grains can be observed (see Figure 

10f). Hence, though high compressive stresses generated in the contact area of the coatings directly 

beneath the indenter can also activate the glide movement of the smaller grain, their sliding line will 

be confined by the glide line of the longer columns. Layers configurations and deformed shape of the 

layers in the near-radial-cracks area are represented in the STEM-HAADF image in Figure 10h. Due 

to the small thickness of each layer as well as strong interlayers interfacial strength, deformation 

mechanisms like dislocation movement cannot occur inside the layers, and grain sliding of long 

columns is the main factor for coating’s plastic deformation. 

Unlike the coating with Λ = 4.5 nm, no long sliding line through the entire coating can be 

observed in our CrN/TiN multilayer coating with Λ = 150 nm after indentation with a cube-corner 

indenter at 100 mN, see a STEM-HAADF image of the indentation cross-section in Figure 11a. This 

implies the absence of the long columns growing through many layers. The number of the generated 

steps is lower, but the steps are wider than in superlattice coating with Λ = 4.5 nm. In addition to 

radial cracks, median cracks can also be observed. Furthermore, SAED pattern of the coating far 

region from the indented zone is shown in Figure 11b. Compared to Figure 10d, the diffraction spot 

rings are blurrier demonstrate the existence of the dispersed grown columns. It can be also seen that 

in addition to intense <111> diffraction ring, <220> ring (main diffraction peak for CrN in XRD 

analysis) has a significant intensity which means both TiN and CrN layers have their own growing 

directions, leading to more irregularity in grain formation to be caused. Moreover, SAED rings would 

be blurrier in the deformed areas, as can be seen in Figure 11c,b. Unlike the long-grown columns in 

(Figure 10e), grains forming columns have dispersed distribution and a short length, see Figure 11e. 

As a result, whenever a sliding between two adjacent layers at the near-surface region happens, it 

will be extended to a short distance, not to the bottom surface of the coating. Furthermore, due to 

dispersed distribution of the columns, median cracks induced by grain sliding in the middle planes 

can grow when tensile stresses reach their critical value. 
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Figure 10. (a) overall high-angle annular dark field (HAADF) cross-sectional transmission electron 

microscopy (TEM) image of the superlattice with Λ = 4.5 nm after indentation with a cube-corner 

indenter at 100 mN. (b) SAED pattern in the region “1”, (c) “2”, (d) “3”. (e) Bright field image of the 

indented region. (f) high-magnification bright field image of the region “2”, (g) STEM-HAADF image 

of the region “4”, and (h) high-magnification STEM-HAADF image of the layer configuration. 
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Figure 11. (a) Scanning transmission electron microscopy-high-angle annular dark field (STEM-

HAADF) cross-sectional overview image of the multilayer coating with Λ = 150 nm after indentation 

with a cube-corner indenter at 100 mN, (b) SAED pattern in the region “1”, (c) “2”, (d) “3”. (e) Bright 

field image of the near edge region. (f) high-magnification bright-field image of the circled area 

specified in (e). 

Individual layers and surrounded grains can be clearly identified at a higher magnification as 

shown in the bright-field image in Figure 11f. It can be seen that a grain is confined by four layers. 

Therefore, an inclination or rotation in the grain boundaries orientation caused by applied stresses 

deforms the layer alignment in the surrounding layers, as pushing down the CrN layer (darker layer) 

by downward motion of the grain causes a deflection in the layer. A higher number of the dispersed 

grains in the coatings with lager bilayer periods can hence absorb the energy of external work in the 

form of grain rotation and boundary grain sliding and consequently increase the energy needed for 

crack initiation and propagation. Therefore, plastic deformation of CrN/TiN multilayer coatings at 

the indentation load of the 100 mN could be explained based on the columnar sliding in the coatings 

with smaller bilayer period, and a combination of grain rotation and sliding of dispersed columns for 

higher the coatings with larger bilayer periods. Similar results were suggested in former works 

[25,44]. 

4. Conclusion 

In this study, the cracking and deformation mechanisms of the CrN/TiN multilayer coatings 

deposited on the GTD450 steel by reactive magnetron sputtering PVD method were investigated. All 
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multilayered coatings were fabricated with the overall thickness of 1.5 μm but different bilayer 

periods, Λ, of 1.5, 4.5, 7.5, 15, 37.5, 150, 375, 750, and 1500 nm. XRD analysis revealed the (111) 

preferred growth and superlattice structure for multilayer coatings with Λ in the range 4.5–15 nm. 

The coatings with the superlattice structure exhibit the highest hardness values among all multilayer 

coatings. In particular, the bilayer period Λ = 7.5 nm (resulting in the most pronounced superlattice 

structure) endows the coating with the highest H = 33.1 ± 2.0 GPa, significantly outperforming thus 

the multilayer coatings with H slightly exceeding 28 GPa independent of the bilayer period. 

Cross-sectional SEM observations of the residual imprints (after indentation with a cube-corner 

indenter at 450 mN) revealed that in the compression area under the indenter-coating contact zone, 

columnar glide between adjacent long columns of superlattices produces several shear steps at the 

coating-substrate interface leading to interfacial delamination. However, pronounced shear sliding 

of the columns is not too obvious for multilayer coatings with Λ > 37.5 nm which produce fewer shear 

steps. Instead, radial and median cracks were observed for these multilayer coatings. Furthermore, 

circumferential surface cracks formed around the indent region (created by the high tensile stresses) 

showed different growth paths depending on the bilayer periods. For smaller bilayer periods (Λ < 

37.5 nm), crack deflection was observed, whilst at higher bilayer periods (Λ > 150 nm) no deflection 

could be detected. Measurements of the dissipated energy during indentation based on the analysis 

of the load-displacement curves with pop-in effects showed that bilayer period and multilayer effect 

on apparent fracture toughness values are in accord with the results of earlier studies. 

Cross-sectional TEM investigations of the residual imprints in our TiN/CrN coatings with Λ = 

4.5 and 150 nm made at 100 mN provide deeper insights into the mechanism of plastic deformation 

of the coatings. Due to the long grown (111) columns in the multilayer coatings with smaller bilayer 

periods, particularly superlattice coatings, plastic deformation is mainly caused by column glide, 

instead of classical dislocation motions. However, short dispersed grains in the multilayer coatings 

with larger bilayer periods prevent the formation of the long sliding line of columns and deformation 

occurs by local grain boundary sliding between two layers and grains rotation. 
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