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Abstract 

Nano-impact testing has provided localized high strain rate deformation information in 

either (i) repetitive impact for fatigue of brittle materials or (ii) high-resolution data 

acquisition of single impacts for energy dissipation and dynamic hardness in ductile 

materials. The current study focusses on whether high-resolution data acquisition can 

be used to determine fracture occurring during a single impact event. A PVD CrN 

coating on 42CrMo4 high speed steel (HSS) was impacted with a cube corner indenter 

over a range of different acceleration forces. By analyzing the high precision depth-

time curves during the first contact phase of the impact, an abrupt depth change was 

observed at and above 30 mN acceleration force. Focused ion beam technology 

confirmed through-thickness coating fracture without delamination on tests where the 

step was observed. The step was absent at lower force or on the more ductile HSS 

throughout the load range. The fracture dissipated energy and fracture toughness of the 

coating was estimated under 50 mN acceleration force based on the analysis of impact 

energy. The calculated dynamic fracture toughness of CrN coating is in the range of 

2.75-7.74 MPa•m1/2, depended on the indenter geometry constant, which is comparable 

with the reported value of about 3.13 MPa•m1/2.  
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1. Introduction 

Due to their high hardness, good wear performance and corrosion resistance, transition 

metal nitride coatings such as chromium nitride (CrN) are widely used to protect and 

improve the lifetime of cutting tools for high-speed machining [1-3]. However, intrinsic 

brittleness accompanied by cracking under the harsh conditions of high stress and high 

strain rate is a significant concern as this can significantly degrade their performance 

[4.5]. Overcoming this limitation is a serious challenge when the cutting conditions 

involve repetitive contact, as in milling and interrupted turning [6-8]. 

Nano-impact tests are proving effective in the study of localized dynamic failure of thin 

hard coatings. The nano-impact test is a dynamic instrumented impact indentation with 

nanoscale depth resolution, which can probe the dynamic deformation and failure of 

various bulk materials and coating systems[9-13]. Repetitive nano-impact can simulate 

different coating damage scenarios including nano-fatigue, erosion, and wear[14-18]. 

In earlier studies Beake et al. [18.19] used the repetitive nano-impact testing to evaluate 

the fracture properties and fatigue wear of tetrahedral amorphous carbon coatings on 

silicon and CrAlTiN coating. Bouzakis et al.[5] investigated the brittleness of PVD 

TiAlN coatings with graded mechanical properties using repetitive nano-impact at 

various loads and 3D-FEM model, finding that the film failure initiation and evolution 

depended on the ratio of the film yield stress to rupture stress. Faisal et al.[16] employed 

a combination of repetitive nano-impact, multiple loading cycle nanoindentation tests 

and molecular dynamics simulations to provide information on the life and failure 

mechanism of diamond-like carbon coatings.  

So far, most studies using the nano-impact method have focused on phenomenological 

analysis, for example, recording the time at which a sudden depth change in the 

displacement-time curves occurred. This type of behaviour is often correlated with 

cracking, and the probability of its occurrence after a given number of impacts is used 

to evaluate the resistance to fatigue failure [9.20]. However, there are limited studies 

quantifying this dynamic fracture. Recently, Frutos et al.[13] carried out repetitive 



 

 

nano-impact with different impact energies to study the fracture toughness of α-Al2O3 

using a cube-corner indenter. By assuming the crack geometry, the dynamic indentation 

fracture toughness was determined by the indentation model of Lawn and co-

workers[21]. Although these studies show the potential of nano-impact in extracting 

detailed information on the fracture dynamics, the complex repetitive impact procedure 

makes the analysis difficult due to cracking phenomenon and resulting change in 

contact geometry, leading to decreased accuracy. 

As an alternative to these repetitive impact tests, single nano-impact tests with a high 

data acquisition rate have been used to investigate the dynamic plastic deformation of 

elastoplastic materials [21]. Based on the one-dimensional contact model by Andrews 

et al. [22], Constantinides et al.[24] investigated the dynamic hardness for Al and Au 

using the dissipated energy approach. Abhi Ghosh et al. [23] studied the dynamic 

impact size effect and formation mechanism of Al and Ni by the change of energy 

during nano-impact process. It was found that the impact energy has a close relationship 

to plasticity. For brittle materials, Jennett et al.[17] suggested that the indentation 

fracture toughness could be determined by impact energy analysis. The authors 

demonstrated that the fracture events can be caught by the system and strongly depend 

on the impact energy and indenter geometry. Wheeler and Gunner [20] explored the 

impact fatigue of a sol-gel coating on stainless steel using high-speed acquisition and 

found that the evolution of dynamic hardness with continued impact could be used to 

identify the coating delamination. However, there are limited studies using single nano-

impact to extract the dynamic fracture events. Furthermore, to the best knowledge of 

the authors, there are no reports analysing and quantifying the dynamic fracture for hard 

coatings using this method. 

In this study, single nano-impact tests were carried out on a CrN coating at different 

impact energies using a blunt cube corner indenter. The dynamic contact was analyzed 

to extract the energy dissipation during the nano-impact process. By determining the 

cracks geometry by FIB-SEM, a fracture mechanism is proposed and dynamic 



 

 

indentation fracture toughness estimated using dissipated energy and indentation 

fracture model. 

2. Experimental Section 
2.1. Materials and characterization 

The CrN coating was deposited using cathodic arc evaporation in a commercial 

METAPLAS MZR-323 PVD reactor on 42CrMo4 high speed steel. The deposition was 

carried out at 450 ºC using a DC bias of 250 V in a high purity N2 gas with a mass flow 

of 200 sccm. The deposition time was 60 min resulting in 2 μm of coating thickness. 

The substrate and the CrN samples were labeled as HSS and CrN/HSS in this study. 

The surface morphology was determined using Leica DMI8C optical microscope. The 

surface roughness was measured by SURFTEST SJ-210 (Mitutoyo, Japan). XRD phase 

analysis was performed with a D8-Discover X-ray spectrometer (Bruker, Germany) 

from 20 to 90°, with the scanning rate of 3° min-1 at room temperature. The focus ion 

beam (FIB) facility was adopted to obtain the cross-sectional images of the impact 

craters, with further examination by scanning electron microscope (SEM) using 

working voltage of 20 kV.  

2.2. Nanoindentation testing 

Nanoindentation measurements were performed to set maximum depths with the 

NanoTest Vantage system (Micro Materials Ltd, UK) with a Berkovich indenter. The 

instrument was calibrated following the procedure outlined in ISO14577[25]. The 

maximum indentation depth was set at 100, 300, 400, 800 and 1200 nm, which 

correspond to those in the nano-impact tests. The loading and unloading rates for 

different maximum depths were set at 2-10 mN/s. The hold time at the peak force was 

10 s and each test was repeated 10 times. The hardness (H) and reduced elastic modulus 

(Er) were obtained by power-law fitting (Oliver and Pharr analysis) of unloading curves 

[26]. The reduced elastic modulus Er is defined by Eq. (1). 
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in which E, v and Ei (1140), vi (0.07) are the elastic modulus and Poisson’s ratio of the 

sample and indenter, respectively.  

2.3. Nano-impact testing 

Nano-impact experiments were conducted using the “Dynamic Hardness” [single 

impact] option of the impact module of the NanoTest system with a cube corner indenter. 

To avoid the damage of the hard indenter during high-strain rate nano-impact testing, 

the indenter was well-worn through previous testing so that its geometry was that of a 

truncated cube corner indenter with end radius ~5 µm. The configuration utilized a 

solenoid fixed on the worktable .and a ferromagnetic bead on the bottom of the 

pendulum (see ref [12] for more details of the setup). The solenoid connected to a timed 

relay can attract and hold the pendulum against a given accelerating force generated by 

the load cell. In this study, the accelerating forces (AF) were set at 10, 30, 50 mN, and 

five repeated tests were conducted at different positions for each load. The indenter was 

then positioned at a set accelerating distance (AD) of 15 μm from the sample. Once the 

solenoid was activated, the pendulum was released and accelerated towards the sample 

producing a ballistic trajectory of the pendulum. The instantaneous depth change as a 

function of time was recorded for each individual impact. 

3. Results and Discussion 
3.1 General characterization 

The surface morphology and cross-sectional microstructure of the CrN coating are 

shown in Fig. 1(a). The surface morphology is typical for an arc deposited coating, with 

small particles of several microns diameter on the surface [27.28]. The Ra surface 

roughness of the CrN coating was (0.048 ± 0.006) µm. The cross-section (inset in fig. 

1(a)) shows a dense and uniform columnar structure across the entire 2.0 μm thickness. 

XRD curves of the HSS substrate and the coating with indexed peaks are shown in Fig. 

1(b), confirming that the CrN coating has preferred (111) orientation. 



 

 

 

Fig. 1. (a) Surface morphology of CrN coating with the inset of cross-sectional image, 

(b) XRD phase diagram of the substrate and the CrN coating. 

3.2 Nanoindentation  

Fig. 2(a) shows typical force-displacement curves for HSS and CrN/HSS. For a given 

indentation depth, the applied load on CrN/HSS sample required is much larger 

indicating significantly higher indentation resistance for CrN coating. The intrinsic 

hardness (H) of the CrN coating is ~21 GPa at 100 nm contact depth, corresponding to 

~5% of the coating thickness (Fig. 2(b)). At a relative indentation depth of 0.05 the 

entire plastic deformation zone should occur within the coating, and the effect of the 

elastic deformation of the substrate is almost negligible [29]. As the contact depth 

increased the composite mechanical response became increasingly dominated by the 

mechanical properties of HSS substrate, and H and Er of CrN/HSS slowly approach that 

of the HSS (Fig. 2(b,c)). The strain to break parameter (H/Er)[30.31] in Fig. 2(d) is 

inversely related to the plasticity index defined as the ratio of plastic work to total work 

for nanoindentation [32]. H/Er exhibits similar trends with increasing depth as the H.  



 

 

 

Fig. 2. (a) Typical nanoindentation curves for CrN/HSS and HSS at different 

indentation depths, and depth dependence of (b) hardness H, (c) elastic modulus Er, 

(d) H/Er ratio. 

3.3 Nano-impact  

3.3.1 Features in nano-impact time-depth curves 

Using high data acquisition rate of dynamic impact testing setup, the impact depth h 

can be monitored continuously as a function of impact time t. As can be observed in 

Fig. 3a, the pendulum accelerates towards the surface of the sample from a given impact 

distance of 15 µm. After first impact cycle, the indenter bounces several times until it 

comes to rest. Comparing the maximum depth (hm) after multiple cycles, it was found 

that hm reached its maximum value at the first contact. Therefore, it was assumed that 

the plastic deformation of the material was completed after the first impact, and the 

subsequent impacts were dominated by elastic deformation. Recently Wheeler and his 

coworkers [33] also confirmed this assumption on a copper sample using a modified 

system with a catching solenoid to prevent rebounding impacts. 



 

 

 

Fig. 3. Typical dynamic impact displacement-time (t-h) curves for CrN/HSS at (a) 

10mN with five repeats, (b) different accelerating load from 10-50mN. 

For CrN/HSS there is excellent reproducibility at 10 mN (fig. 3(a)) but at 30 and 50 

mN there was more variability. More details were revealed by analyzing the impact 

curve with the derivative impact velocity (v)-time (t) during the first impact cycle as 

shown in Fig. 4. At a given acceleration force, the pendulum was accelerated towards 

the surface until the contact occurred, at which point the velocity of the indenter reached 

the peak value (v0), and then the indenter was slowed down by the material resistance 

until reaching the maximum depth, hm at t = t1. During the indentation phase, the kinetic 

energy of the pendulum was converted to the revisable elastic work and/or irreversible 

plastic work. Afterwards, the stored elastic energy in the material was released resulting 

in acceleration of the indenter and rebound. It should be noted, the impact velocity 

decreased rapidly when the indenter contacted with the surface of the hard coating. This 

is a little different with our previous study by using a shaper Berkovich indenter to 

impact the soft materials of Al, Cu, Fe and Ti6Al4V, where the contact velocity changed 

slowly[34]. This phenomenon may be attributed to high hardness of CrN coating and 

larger contact area with blunt cube corner. Although the maximum impact velocity(v0) 

and initial contact surface is a clearly identifiable signal in the curves, the identification 

of the rebound velocity v2 when the indenter detach from the sample is less obvious. In 

this current study, the residual depth (hr) at the end of the impact process was used to 

be as the detachment point and the rebound velocity was obtained. 



 

 

 

Fig. 4. Typical depth and velocity evolution as a function of time during the first 

impact cycle. 

The average values of maximum depth (hm), residual depth (hr), impact and rebound 

velocity (vin and vout) during five repeated tests for HSS and CrN/HSS samples are 

shown in Fig. 5(a-f). The approximately constant vin value and negligible error of the 

five repetitions for the pure substrate and coating at a given acceleration force indicate 

the very high repeatability. All of the data except vin for CrN coating exhibit larger error 

bars than the substrate, which may be caused by the formation of some micro-cracks in 

the coating during the impact process. It has been shown recently[35] that the onset of 

variability in repetitive impact tests can provide a useful additional metric for the onset 

of cracking. At 10 mN there is very good consistency in hm on CrN/HSS but at 30 mN 

there is greater test-to-test variability, suggetive of cracking in at least some of the tests 

at this load. The lower hm of the CrN coating indicates an enhanced impact resistance 

and plastic deformation resistance than the HSS substrate.  

 



 

 

 

Fig. 5. Variation in the (a) maximum depth (hm), (b) residual depth (hr), (c) impact 

velocity (vin), (d) rebound velocity (vout). 

Fig.6 shows the t-h curves of the HSS and the CrN/HSS during the first contact phase. 

It is interesting to notice that all the t-h curves for the HSS and that for CrN/HSS at 

10mN show continuous smooth curves, while those for the CrN/HSS at higher AF (30 

and 50 mN) exhibit a short irregular ‘plateau’ period during the indentation stage as 

indicated by the circle in Fig. 6b. A similar phenomenon has been reported widely in 

the multiple nano-impact testing for evaluating the fatigue resistance of thin films. 

Beake et al. [9]noted the presence of a short ‘plateau’ period where the depth remains 

virtually constant before a more rapid change in depth-time curves which corresponded 

to material removal of tetrahedral amorphous carbon films. Wheeler et al. [9] concluded 

that a single rapid increase in the penetration depth before an approximately stationary 

values observed in the repetitive impact curves is related to fracture and removal of the 

coating and penetration of the substrate, while a series of small jumps in penetration 



 

 

depth reflected the cohesive failure with delamination fractures. However, the present 

study is the first time this phenomenon has been observed in the single nano-impact 

curves with high data acquisition rate during the indentation phase on the surface of 

hard coatings. To further verify the fracture and failure behaviors of CrN hard coatings, 

surface and cross-sectional morphology of the impact craters of the coating at different 

AF were investigated by SEM. 

 

Fig. 6. The t-h curves during first contact cycle with different acceleration forces (a) 

HSS, (b) CrN/HSS (the circle highlights the sudden changes during indentation stage). 

3.3.2 Typical fracture morphology and failure mechanism of CrN coating 

As shown in Fig. 7 (a, b), the residual impression at 10 mN is faint and there is slightly 

irregular scar on the surface in agreement with the result in Fig. 6b. The irregular mark 

is caused by the blunt tip. On increasing the AF to 30 mN (Fig. 7 (c, d)), the residual 

impression becomes more obvious, where material removal and peripheral cracking can 

be clearly seen. At the highest AF of 50 mN, a large ring-like crack is formed. The 

images show that when impacted with the blunt tip the CrN coating is mainly plastically 

deformed at 10 mN, and undergoes cracking and material removal at 30 mN which 

becomes more pronounced at 50 mN. The above surface morphology results indicate 

that the real-time h-t data recorded during nano-impact can not only show the different 

contact phases but also provide information on cracking.  



 

 

 

Fig. 7. Surface damage on CrN/HSS under different acceleration forces: (a, b) 10mN, 

(c, d) 30mN, (e, f) 50mN. 

Surface morphological observation indicates that the ring-like cracking induced by 

nano-impact on CrN/HSS is dependent on the applied impact energy. However, from 

the top-view images information regarding the propagation of the cracks and the effects 

of interface and substrate is necessarily limited. To provide this information FIB-milling 



 

 

and subsequent SEM imaging of the FIB x-sections were performed. A SEM image of 

a FIB-cross section of a 50 mN impact is shown in Figure 8 (a, b). It can be observed 

that there is no delamination between the coating and the substrate, showing that the 

bonding strength was high enough to sustain the impacting attack. In addition, it is clear 

that the plastic deformation is mainly in the substrate, and the coating thickness is 

almost uniform across the indented area. This result is consistent with the previous 

study that the dislocation-assisted plastic deformation was rather small in the 

coatings[36]. Furthermore, pronounced intercolumnar cracks through the whole 

thickness of CrN coating at the periphery of the indentation zone, and the transgranular 

cracks at the base of the coatings can be clearly observed in the cross-sectional 

morphology of impact craters (Fig. 8b). 

 

Fig. 8. (a) and (b) SEM cross-section images of different cracks under 50 mN impact 

loading. 

The deformation of columnar films is dominated by the shear sliding of the coatings 

into the substrate at the onset of plastic deformation of substrate above a critical 

load[37]. However, the coating is generally not able to accommodate the resulting 

deformation of the underlying substrate due to the differences in elasto-plastic behavior 

close to the coating-substrate interface, which cause the development of tensile stresses 

parallel to the substrate surface within the coating, resulting in the generation of 



 

 

intercolumnar cracks[36]. When the contact pressure is well above the plastic yielding 

onset of the substrate, the tensile radial stresses and strains existing in the vicinity of 

the residual imprint became large enough for inducing circumferential cracks at the 

coating surface[36.38]. In addition to the intercolumnar cracks in the cross-sectional 

examination of the impact impression at 50mN of acceleration force, lateral cracking is 

also visible at the base of the coating thickness reflected by the crack deflection, which 

may be responsible for the cohesive failure (spalling) occurring at the corner of the 

impact craters (Fig. 7). The impact deformation mechanism described above is similar 

to that observed in previous studies of indentation on columnar-like films[36.37.39-41]. 

In these stuides, the deformation behavior is considered as a composite response of a 

brittle film that undergoes shear sliding of the columnar grains and an underlying plastic 

flow in the ductile substrate at a critical stress, with the relatively weak columnar grain 

boundaries allowing the different types of cracks to occur within the coatings with 

increasing stress. 

3.3.3. Fracture toughness analysis for CrN coating 

In the past decade, significant progress has been achieved in evaluating the fracture 

toughness of hard coatings and thin films based on the stress and energy methods[42]. 

Nanoindentation is a most commonly used energy based method to produce a 

quantitative estimate of the fracture toughness by generating circumferential cracking 

and spallation of a brittle coating. Based on the ‘step’ in the load-displacement curve 

causing by a sudden excursion of the indenter, a formula to evaluate the fracture 

toughness (KIc) of hard coatings was suggested by Li et al.[43]: 

𝐾𝐾𝐼𝐼𝐼𝐼 = � 𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓∙𝐸𝐸(1−𝜈𝜈2)∙𝑆𝑆
�
1/2

,      （2） 

Ufra is the coating fracture energy, E and ν are Youngs modulus and Poissons ratio of 

the coating, respectively. S is the crack area and equals to 2πCRt where CR and t are the 

radius of circumferential through-thickness crack formed around the indenter, and the 

coating thickness, respectively. In this research, the thickness of the CrN coating is 



 

 

about 2 μm and the length of the crack has been determined by open-source analysis 

software from the morphology of the residual impression. As can be seen from Fig. 7f, 

a well-developed circumferential cracking was generated on the surface of CrN 

coatings at 50mN acceleration load, and the parameters are summarized in Table 1. 

Table 1. The data of CR, S, v and E for CrN coating at 50mN. 

Acceleration force (mN) CR (um) S (um2) v E (GPa) 

50 6.89 86.62 0.2 315 

Based upon the analysis of first impact contact cycle, the total impacting energy (Wt) 

can be divided into four parts as[44]: 

  𝑊𝑊𝑡𝑡 = 𝑊𝑊𝑒𝑒 + 𝑊𝑊𝑝𝑝 + 𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑊𝑊𝑜𝑜     (3) 

where We is elastic storage work, Wp is the work of plastic deformation, Ufra is the 

fracture dissipated energy and Wo represents other energy loss such as the dissipated 

heat and friction work. The Wt and We can be measured by the kinetic energy at the 

contact 1/2mv0
2 and detachment 1/2mv2

2, respectively. Thus, the fracture energy Ufra 

can be simplified as 

𝑈𝑈𝑓𝑓𝑓𝑓𝑓𝑓 = 1
2� 𝑚𝑚𝑣𝑣02 − 1

2� 𝑚𝑚𝑣𝑣12 −𝑊𝑊𝑝𝑝 −𝑊𝑊0     (4) 

Clearly the determination of Ufra depends on the evaluation of the irreversible work of 

Wp and W0. The W0 can be approximated as the energy loss for the uncoated HSS 

substrate by omitting the Wf using Equation (5).  

𝑊𝑊0 = 𝑊𝑊𝑡𝑡 −𝑊𝑊𝑝𝑝 −𝑊𝑊𝑒𝑒                        (5) 

Chen and Bull [45-47] proposed that the influence of cracking for a coated system can 

be averaged over the whole loading curve as the E/H remains almost constant and the 

ring-like cracking occurs during loading. Despites the presence of crack, the total 

indentation work will not be strongly affected because fracture only plays a role in 



 

 

converting some stored elastic energy into irreversible work. In light of this, the Wp can 

be roughly estimated by Equation (6).  

𝑊𝑊𝑝𝑝

𝑊𝑊𝑡𝑡
= 1 −  𝛾𝛾 𝐻𝐻

𝐸𝐸𝑟𝑟
                             (6) 

where Er is the reduced indentation modulus and 𝛾𝛾 is an indenter geometry dependent 

constant. Typical value for γ is ~7 for metals and ~5 for glasses, with hard 

nanocomposite coating being commonly 5.7-6.4[8.48.49]. Chen et al [46] found that 

the calculated toughness for ZnO, SnO2 and ITO coatings using such energy approach 

are similar to those by other method.  

The relationship between energy ratio and H/Er for the nano-impact has been previously 

verified by Constantinides et al [24] in quantitative single nano-impact testing with a 

Berkovich indenter on aluminum. Moreover, the plastic deformation for the CrN/HSS 

sample under large impact load was dominated by the substrate and the coated system 

can be treated as equivalent to a bulk material. When the indentation depth is greater 

than 800nm, the dimensionless parameter H/Er remains almost constant, about 0.023 

and 0.035 for the HSS and CrN/HSS, respectively (Fig. 2d).  

Table 2. The calculated fracture dissipated energy and fracture toughness for CrN 

coating. 

Sample Wt 
(nJ) 

We 
(nJ) 𝜸𝜸 Wp 

(nJ) 
W0 

(nJ) 
Wf 

(nJ) 
KIc 

(MPa•m1/2) 

HSS 484±5.0 24±0.7 7 407±4.8 54±0.6 / / 

CrN 543±4.8 51±2.3 5.7 
~6.4 

422±3.6 
~435±3.8 54±0.6 2±0.5 

~16±0.7 
2.75±0.3 

~7.74±0.5 

Combined with Equation (2-6), the fracture dissipated work and the fracture toughness 

of the coating can be approximately estimated. The detailed data for the calculated 

energy at acceleration force of 50 mN was concluded in Table 2. To avoid the influence 

of indenter shape, the indenter geometry constant γ for CrN/HSS sample was taken as 



 

 

5.7-6.4 in the calculation process, and the value of KIc was estimated in the range of 

2.75-7.74 MPa•m1/2, which is comparable with the reported data (KIc =3.13 MPa•m1/2) 

of MS-PVD CrN coating determined by single-cantilever bending and pillar splitting 

experiments[50].  

In summary, we provide a new insight to evaluate the dynamic fracture toughness of 

hard coatings based on the energy method by using nano-impact testing. However, the 

accurate extraction of irreversible work Wp during the impact process is still a great 

challenge, which is also the focal point of much debate in indentation fracture method. 

Besides, there are also some errors in the calculation of other dissipated energy W0 due 

to the different impact depth of CrN/HSS and uncoated HSS substrate at the same 

acceleration load. Thus, further investigation will be done on the acquisition of  

indenter geometry constant 𝛾𝛾 and irreversible plastic work Wp during nano-impact for 

more precise quantification of the dynamic fracture toughness. 

4. Conclusion 
In this paper, the CrN coating was systematically investigated using the highly-resolved 

nano-impact over a wide range of acceleration load from 10mN to 50mN. It has been 

found the entire impact process can be divided into four stages as acceleration, 

indentation, rebound and deceleration stages, and there is a short “plateau” period in 

the 1st contact cycle of the CrN/HSS depth-time curves under high acceleration loads, 

which indicates the fracture of the coating. The FIB-SEM images evidenced the 

generation of intercolumnar cracks caused by the development of tensile stresses 

parallel to the substrate under impact loads. Based on the calculation formula of 

indentation fracture toughness and analysis of fracture energy dissipation, the dynamic 

fracture toughness was estimated in the range of 2.75-7.74 MPa•m1/2 depending on the 

indenter geometry constant γ, which is comparable with the reported value of 3.13 

MPa•m1/2 in previous study. This work provides a new insight to evaluate the fracture 

toughness of hard coatings based on the nano-impact method. 
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