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A B S T R A C T   

Superhard coatings are no longer very difficult to obtain, but the direct observation and prediction of their failure 
are still a challenge. 3D tomography of the microcracks in coating failure offers lots of new information on the 
geometric shape, size, and spatial structure relationship of microcracks which was not available up to now. 
Hence, in this work, cross-scale visualization analysis of the microcrack network in superhard yet toughness 
TiSiCN coatings around indentations was achieved through advanced 3D tomography combined with HRTEM 
characterization. TiSiCN nanocomposite coatings were deposited by high-power pulsed magnetron sputtering. 
Superhard TiSiCN coatings exhibit a simultaneous superhardness of 48 ± 6.99 GPa and favorable toughness due 
to fully dense microstructure and smooth surface morphology. Due to the excellent crack initiation resistance and 
super-high hardness, superhard TiSiCN coatings show enhanced tribocorrosion performance in 3.5 wt% NaCl 
aqueous solution, with a low coefficient of friction of 0.11 and low specific wear rates of 3.23 × 10− 6 

mm− 3N− 1m− 1.   

1. Introduction 

The service lifetimes of protective coatings for marine machinery 
components operating in harsh environments are highly dependent on 
their hardness and toughness values. High hardness means that the 
material has excellent resistance to plastic deformation, while high 
toughness represents that the material has excellent resistance to crack 
formation and propagation when subjected to impact loads [1]. Hard 
and superhard coatings with high toughness exhibit high resistance to 
crack formation and propagation during tribocorrosion processes [2,3]. 
In general, friction and corrosion failure modes of hard or superhard 
coatings in seawater mainly result from the friction corrosion synergistic 
effect [4,5]. Friction and wear lead to many fatigue microcracks that 
become diffusion channels for Cl− . The diffusion of Cl− along micro-
cracks weakens the interfacial bonding strength, leading to coating 
failure [6]. Therefore, both high toughness and hardness values are 
important in the application of surface protective coatings for marine 
machinery components. However, increasing the hardness in hard 

coatings often accompanies a decrease in toughness, especially for 
superhard nanocomposite coatings. Hence, it is still a challenge to obtain 
superhardness and high toughness characteristics for coatings. To date, 
there are many reports on obtaining superhard nanocomposite coatings 
by inhibiting plastic deformation, dislocation formation, dislocation 
activation, and grain boundary sliding by following the design criteria 
for nanocomposite strengthening [7]. However, there is relatively little 
research on the toughening mechanisms of superhard coatings. Some 
researchers have obtained hard nanocomposite coatings with high 
toughness values through coating microstructure control, such as 
multilayer nanocomposites and nanocrystalline/amorphous composites 
[8–12]; researchers have attributed their toughening mechanism to 
microcrack deflection and tip passivation caused by the barrier effects of 
nanocrystalline/amorphous composite structures on dislocation and 
grain boundary crack motion diffusion, limiting microcracks to a local 
range [13,14]. However, the mechanism of the generation and propa-
gation of microcracks in superhard nanocomposite coatings and the 
mechanism of energy dissipation during the propagation of microcracks 
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have yet to be clarified. The initiation and propagation of microcracks 
play crucial roles in the damage and failure processes of superhard 
nanocomposite coatings. Some studies have revealed that the crack 
propagation processes in these coatings can be divided into intergran-
ular and transgranular fractures [15,16]. However, the super-high 
hardness of nanocomposite coatings is often associated with high in-
ternal stresses, making it challenging to directly observe the initiation 
and evolution characteristics of microcracks using recent technical 
methods. Traditional characterization can only provide crack informa-
tion on a single plane such as a surface or cross-section. 3D tomography 
of the microcracks during coating failure offers lots of new information 
on the geometric shape, size, and spatial structure relationship of 
microcracks which was not available up to now. 

In this work, dense and low-defect TiSiCN nanocomposite coatings 
are deposited on AISI 304L stainless steel and Si (100) by high-power 
impulse magnetron sputtering (HiPIMS) in an Ar + N2 + C2H2 mixed 
gas atmosphere at fN2 = fC2H2 = 10–40 sccm. The tribocorrosion be-
haviours in a 3.5 wt% NaCl aqueous solution of TiSiCN coatings 
deposited at different gas flow rates were studied. Based on high- 
resolution continuous tomography technology and high-resolution 
transmission electron microscopy, we have successfully conducted 
cross-scale visualization analysis of the structure of microcracks in 
superhard nanocomposite coatings with high toughness values. Our 
study provides new insights into the interaction between micro 
indentation-induced microcrack propagation and coating 
microstructure. 

2. Experimental details 

2.1. Depositions of TiSiCN coatings 

TiSiCN coatings with TiSi adhesive layers were deposited on Si (100) 
with the dimension of 20 mm × 20 mm × 0.5 mm and AISI 304L 
stainless steel with the dimension of 20 mm × 20 mm × 0.5 mm by 
HiPIMS under mixed gases atmosphere of argon (99.99 % purity), ni-
trogen (99.999 % purity), and acetylene (99.95 % purity). The TiSiCN 
coatings deposited on the Si substrate were mainly used for composition 
and structural characterization, while the TiSiCN coatings deposited on 
AISI 304L stainless steel were mainly used for performance testing. A 
TiSi rectangular target (449 × 75 × 6 mm; Ti:Si = 4:1, 99.95 % purity) 
was used in the preparation of TiSi layer and TiSiCN coating by adjusting 
the gas atmosphere in the vacuum chamber. The TiSiCN coatings pre-
pared under different gas flow rates were composed of TiSiCN coatings 
with a thickness of 2.1–3.2 μm and TiSi buffer layers with a thickness of 
0.4 μm. 

All substrates were ultrasonically cleaned with acetone, anhydrous 
alcohol, and deionized water for 15 min, then fixed on the sample holder 
in the vacuum chamber. Before starting the coating deposition proced-
ure, the vacuum chamber gas pressure was pumped to below 1 × 10− 3 

Pa. An Ar ion source (2 kW, 150 kHz and τon = 26 μs) was used for 10 
min ion sputtering cleaning program on all substrates at a bias voltage of 
− 800 V. Then, a TiSi coating with a thickness of 0.4 μm was deposited by 
sputtering TiSi target at an average target power of 6 kW and a substrate 
bias of − 60 V (100 kHz, duty cycle 90 %) in an argon atmosphere. 
Finally, TiSiCN coatings were deposited on the TiSi transition layer by 

sputtering the TiSi target at an average target power of 6 kW and a 
substrate bias of − 60 V in an argon, nitrogen, and acetylene mixed gases 
atmosphere. The details parameters of the TiSiCN coatings deposition 
process were shown in Table.1. 

2.2. Characterization 

The phases and crystal structure of the TiSiCN/TiSi coatings were 
detected by X-ray diffraction (XRD, X’Pert PRO MPD, PANalytical);The 
cross-sectional and surface morphologies of TiSiCN coatings were 
observed by field emission scanning electron microscopy (FESEM, S- 
4800, HITACHI),transmission electron microscopy (TEM, Philips/FEI 
CM200 and Hitachi JEOL JEM-2100Plus) and atomic force microscopy 
(AFM, Tosca 400, Anton Paar); The composition and chemical bondings 
of TiSiCN coatings were identified by X-ray photoelectron spectroscopy 
(XPS, ESCALAB250Xi, ThermoFisher) and Raman spectroscopy (Horiba 
Jobin Yvon, LabRAM); A focused ion beam (FIB) system (ZEISS Cross-
beam 350) was used for three-dimensional microstructure character-
ization; The mechanical properties of TiSiCN coatings were investigated 
by a nanoindenter (NanoTest system, NanoTest, Micro Materials) using 
a Bohrer indenter (tri-angled cone, angle between prism and centreline 
65.3◦, angle between prongs and centreline 77.05◦, ratio of bottom edge 
length to depth 7.5315, radius of curvature of the end about 20 nm). 
Five points were selected for the nanoindenter hardness test for each 
sample and the final data were taken as mean values; The tribocorrosion 
behaviours of the coatings were evaluated by an in-situ electrochemical 
friction system (MFT-EC4000, HUAHUI) against Si3N4 counterpart balls 
(Φ6 mm) in 3.5 wt% NaCl aqueous solution. 

Table 1 
Details parameters of the TiSiCN coatings deposition process.  

Sample 
(fC2H2 = fN2) 

PA 

(kW) 
Pulse 
width 
(μs) 

Vp 
(V) 

f 
(Hz) 

Ip 
(A) 

C2H2 gas 
flow rate 
(sccm) 

N2 gas flow 
rate (sccm) 

Ar gas flow 
rate (sccm) 

Vs 
(V) 

Negative bias 
duty cycle 

substrate 
temperature (◦C) 

process 
pressure (Pa) 

10 sccm  6  30  720  1050  566  10  10  100  − 60  90 %  125  0.72 
20 sccm  6  30  692  940  659  20  20  100  − 60  90 %  128  0.86 
30 sccm  6  30  688  920  676  30  30  100  − 60  90 %  132  0.94 
40 sccm  6  30  688  900  683  40  40  100  − 60  90 %  127  1.0 

Note: PA, Average target power; Vp, peak target voltage; Ip, peak target current; f, frequency of the voltage oscillation; Vs, substrate bias voltage. 

Fig. 1. XRD patterns of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 sccm.  
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3. Results 

3.1. Microstructure and composition 

Fig. 1 shows the XRD patterns of TiSiCN coatings deposited on AISI 
304L by HiPIMS at fC2H2 = fN2 = 10–40 sccm. The diffraction peaks at 
43.62◦, 50.70◦ and 60.29◦ were labelled “SS” for AISI 304L stainless 
steel substrates. The diffraction peaks from TiN, TiC and TiCN were 
difficult to completely distinguish due to their similar face-centred 
structures and atomic radii. Therefore, diffraction peaks with broad-
ening widths in TiSiCN coatings between TiN (ICDD PDF#65-4085) and 
TiC (ICDD PDF#32-1383) were labelled TiCN. As shown in Fig. 1, all 
TiSiCN coatings had face-centred cubic structures. At fC2H2 = fN2 = 10 
sccm, TiCN nanocrystals showed strong (220) preferred orientations. 
With increasing fC2H2 = fN2 gas flow rates, the preferred orientation of 
TiCN (220) in the coating disappeared and the intensity of the diffrac-
tion peaks decreases with the width increases. Previous studies had 
shown that the disappearance of preferred orientation is related to the 
formation of ultrafine nanocrystals and the transformation of nano-
crystalline/amorphous composite structures [17]. In addition, no 
diffraction peaks from CNx, SiC, Si3N4 and TiSi were detected, indicating 
that Si was likely to exist as amorphous SiC and Si3N4, which has been 
confirmed by other published research [18,19]. 

Fig. 2 shows the FESEM cross-sectional, surface, and AFM surface 
morphologies of the TiSiCN coatings deposited at fC2H2 = fN2 = 10–40 

sccm. The substrates of the cross-sectional image are Si, while the others 
images are AISI 304L. As shown in Fig. 2a–d, the thicknesses of the 
TiSiCN coatings increase from 2.94 μm to 3.58 μm as fC2H2 = fN2 in-
creases from 10 to 30 sccm. However, when fC2H2 = fN2 increases to 40 
sccm, the thicknesses of the coatings decrease to 2.48 μm. TiSiCN 
coatings are composed of TiSi adhesive layers and TiSiCN coatings. All 
TiSiCN coatings present uniform and dense structures. Fig. 2e–h pre-
sents the surface morphologies of the TiSiCN coatings, revealing a highly 
uniform and continuous structure without visible microparticles, voids, 
or microcracks. The texture of the coatings originates from the stainless- 
steel substrate. All TiSiCN coatings exhibit highly smooth surfaces, with 
surface roughness values ranging from 1.43 to 12.8 nm (Sq). The highest 
value of Sq (12.8 nm) is observed at fC2H2 = fN2 = 40 sccm (Fig. 2i–l). 
The uniform and dense structural features of the coatings are attributed 
to the ion bombardment effect during deposition. During low-energy ion 
beam deposition, loosely bound atomic clusters are more likely to be 
sputtered off the surface of the coating; the heating effects of the ion 
beam on atoms near the surface layer of the coating promote atomic 
migration, resulting in a smooth and highly integrated surface structure. 

Fig. 3 presents TEM investigations of the cross-sectional morphol-
ogies and selected area electron diffraction (SAED) patterns of TiSiCN 
coatings deposited on AISI 304L at fC2H2 = fN2 = 10 sccm and fC2H2 = fN2 
= 20 sccm. As shown in Fig. 3a, there are a few irregular amorphous 
regions at the edges of the highly preferred nanocrystalline structures in 
TiSiCN coatings deposited at fC2H2 = fN2 = 10 sccm. The inserted SAED 

Fig. 2. Cross-sectional, surface images of SEM, and AFM surface morphologies of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 sccm.  
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Fig. 3. TEM investigations of cross-sectional morphologies and SAED patterns of TiSiCN coatings deposited at fC2H2 = fN2 = 10 and 20 sccm.  

Fig. 4. XPS spectra of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 sccm.  
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patterns reveal the twin structure of TiCN (Fig. 3b). As fC2H2 = fN2 in-
creases, the TiSiCN coating transforms into an amorphous coated 
nanocrystalline nanocomposite structure, while the TiCN 

nanocrystalline structure is embedded in the amorphous structure with a 
grain size of approximately 3–5 nm. The inserted SAED patterns reveal 
distinct diffraction rings assigned to the (111), (220) and (311) re-
flections from the fcc crystal structure of TiCN in TiSiCN coatings 
(Fig. 3d). These results are in good agreement with the XRD results of 
Fig. 1. 

Fig. 4 shows XPS spectra of TiSiCN coatings deposited on Si (100) by 
HiPIMS at fN2 = fC2H2 = 10–40 sccm. Before the start of XPS testing, a Ar 
ion (800 V, 60s) etching procedure was used to reduce surface 
contamination. The results of the coatings composition analysis after 
deducting the influence of oxygen showed that with the increase in 
fC2H2 = fN2 from 10 to 40 sccm, the Ti contents in the TiSiCN coatings 
decreased from 45.4 ± 2 at.% to 23.7 ± 2 at.%; the C contents quickly 
increased from 23.5 ± 2 at.% to 48.5 ± 2 at.%, respectively; while the N 
and Si contents remained stable, as shown in Table 2. The trace oxygen 
element (less than 5 at.%) in the XPS fitting results originates from 
surface oxygen pollution. Core-level XPS spectra of Ti 2p, Si 2p, C 1s and 
N 1s in TiSiCN coatings were determined by XPS, as shown in Fig. 4. 
There were two main peaks in the asymmetric Ti 2p spectra, which 
originated from the Ti 2p3/2 and Ti 2p1/2 peaks at binding energies 
(BEs) of 455.3 and 461.3 eV. After peak differentiation and imitation, 
four groups of double peaks, which appeared at 455.1/461.1 eV, 456/ 
462.1 eV, 456.9/463.5 eV, and 457.4 eV/462.4 eV, revealed the 
chemical bonds of Ti–C, Ti–N, Ti–N Satellites and Ti–O/Ti––O in 
TiSiCN coatings, respectively [20–23]. The Ti–O and Ti––O bonds were 
derived from Ti2O3 and TiO2 oxide pollutions on the TiSiCN coatings 
surface [24,25]. Five peaks at 281.9 eV, 283.0 eV, 284.4 eV, 285.3 eV, 
and 286.8 eV were obtained after imitating the C 1s peak, which cor-
responded to Ti–C, Si–C, sp2-C, sp3-C and C–O/C––O, respectively 
[25–27]. There were three peaks at 397 eV, 398.3 eV and 399.6 eV that 
overlapped to form a larger peak in the N 1s spectrum, which were 
assigned to Ti–N, Si3N4 and N–C/N–O bonds [24,25]. The broad peak 
at 101.4 eV in the Si 2p spectrum can be fitted as two peaks (101.1 eV) 
and (102 eV), indicating the presence of Si–C and Si–N bonds in the 

Table 2 
Elemental contents of TiSiCN coatings.  

Sample (fC2H2 = fN2) Ti (at.%) Si(at.%) C(at.%) N (at.%) 

10 sccm  45.40  4.58  23.52  26.51 
20 sccm  32.35  7.42  32.39  27.84 
30 sccm  29.78  4.92  40.14  25.16 
40 sccm  23.74  4.09  48.53  23.64  

Fig. 5. Raman spectra of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 
40 sccm. 

Fig. 6. a. The nanoindentation Hardness (H) and effective Young’s modulus (E*), b. H/E* and H3/E*2 ratios of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 
sccm, c. The Micro-Vickers indentations images of fC2H2 = fN2 = 10, 20 and 40 sccm, d. the load-displacement curves of fC2H2 = fN2 = 10– 40 sccm. 
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coating [24,25]. 
Raman spectroscopy of the TiSiCN coatings deposited on Si(100) was 

conducted to confirm the existence of free C, as shown in Fig. 5. The 
Raman peak at 1120–1750 cm− 1 comprised the D peaks (1300–1380 
cm− 1) and G peaks (1520–1580 cm− 1) of amorphous carbon [28]. These 
bonds of Raman spectra were reported in both TiC/a-C:H [29,30] and 
TiC/a-C:H/a-SiC:H coatings [31]. Fig. 5 shows that the TiSiCN coating 
prepared at fC2H2 = fN2 = 10 sccm had no obvious D or G peak structures, 
indicating that the sp3-C and sp2-C contents in the TiSiCN coating pre-
pared under these conditions were very low and could be dissolved in 
nanocrystalline TiCN. The typical amorphous carbon peaks increased 
with increasing fC2H2 = fN2 from 20 sccm to 40 sccm, indicating that the 
content of amorphous carbon in the coating increased significantly. 

According to the results of HRTEM, XRD, XPS and Raman spectra, 
the TiSiCN coatings deposited at fC2H2 = fN2 = 10 sccm exhibits a 
nanocomposite structure composed of nanoscale amorphous clusters 
around TiCN nanocrystalline grain boundaries, and the amorphous 
phase is composed of the mixture of Si3N4 and SiC. As fC2H2 = fN2 in-
crease, the relative content of the amorphous phase in TiSiCN coatings 
rapidly increases, resulting in an amorphous-coated TiCN nanocrystal-
line nanocomposite structure. Moreover, the composition of the amor-
phous phase changes from Si3N4 and SiC to the mixture of Si3N4, SiC, 
and amorphous carbon (sp2-C and sp3-C)). 

3.2. Mechanical properties 

Fig. 6 exhibits the hardness (H), effective Young’s modulus (E*), H/ 
E*, H3/E*2 ratios, the Micro-Vickers indentations images of TiSiCN 
coatings deposited on AISI 304L at fC2H2 = fN2 = 10, 20 and 40 sccm, and 
the nanoindentation load-displacement curves of fC2H2 = fN2 = 10–40 
sccm. The hardness of the coatings is based on nanoindentation tests 
using a continuous stiffness measurement with a maximum displace-
ment limit of 250 nm. The nano hardness (H) and elastic modulus (E) of 
the coatings were calculated using the well-known Oliver-Pharr 
methods [32]. Typical indentation loading-unloading curves were 
shown in Fig. 6d. As shown in Fig. 6a, the values of H and E* of the 
TiSiCN coating deposited at fC2H2 = fN2 = 10 sccm are 48 ± 6.99 GPa, 
513.3 GPa, respectively. As fC2H2 = fN2 increases to 40 sccm, H and E* 
gradually decrease to 12.8 GPa and 167.1 GPa. The elasticity indices H/ 
E and plasticity indices H3/E*2 of TiSiCN coatings were plotted in 
Fig. 6b. Both H/E and H3/E2 increase to optimal values of 0.11 and 
0.459 GPa when fC2H2 = fN2 = 20 sccm. However, super-high hardness 
(48 ± 6.99 GPa) is obtained for the TiSiCN coating deposited at fC2H2 =

fN2 = 10 sccm, with relatively high H/E and H3/E2 values of 0.094 and 
0.42 GPa, respectively. H/E represents the crack resistance under the 
load, and H3/E2 describes the resistance to plastic deformation; a posi-
tive correlation between fracture toughness and H/E (and H3/E2) has 
been widely reported [31,33,34]. To further characterize the toughness 
of the TiSiCN coatings, the Micro-Vickers indentations images of the 

Fig. 7. Schematics of indentation impressions and cracks on Vickers indenters in the classical model of bulk ceramics [38]: a, surface view, b: section view. The grey 
area is the surface of residual impression area. 

Fig. 8. Characterization process and three-dimensional structure diagram of indentation microcracks: a. SEM micrograph of Vickers indentation, b. FIB processing 
diagram, c. 3D reconstruction of the microcracks network structure in TiSiCN coating, d. the top view of the microcracks network structure, e. the side view of the 
microcracks network structure, f. the bottom view of the microcracks network structure. 
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coatings at 0.25 N load with were shown in Fig. 6c. No radial cracks and 
slight edge microcracks of Micro-Vickers indentations are observed in 
coatings deposited at fC2H2 = fN2 = 10 and 20 sccm, indicating a high 
fracture toughness [7,17]. Thus, TiSiCN coatings deposited at fC2H2 =

fN2 = 10 sccm exhibits superhard and toughness features. Moreover, the 
mechanism of the superhard yet tough properties of TiSiCN coatings 
deposited at fC2H2 = fN2 = 10 sccm can be attributed to the obstruction of 
dislocation motion and microcrack expansion by dense nanocrystalline 
grains and nanocrystalline/amorphous interfaces, as well as the 
contribution of solution strengthening of TiCN nanocrystals by hetero-
geneous atoms. As fC2H2 = fN2 increase, the relative content of the 
amorphous phase in TiSiCN coatings rapidly increases. The interparticle 
distances between TiCN nanocrystals increase and cracks expand in the 
amorphous structure under mechanical loading, leading to a rapid 

decrease in mechanical properties. 

3.3. Crack resistance 

Indentation-induced cracks can be used to directly reflect the frac-
ture toughness values and deformation behaviours of coatings. The 
classical model describing elastic/plastic indentation damage in ce-
ramics divides the cracks induced by elastic/plastic contact on ceramic 
surfaces into two primary systems: the “median/radial” system and the 
“lateral” system [35–37]. Fig. 7 shows the schematics of indentation 
impressions and cracks on Vickers indenters in the classical model of 
bulk ceramics [38]. The radial cracks (also known as the palmqvist 
cracks) are usually formed at the boundary of a plastic indentation 
(mainly at the top corner of the indentation) and extends outward along 

Fig. 9. TEM investigations of the tips of microcracks in the cross-sectional morphologies of TiSiCN coatings deposited at fC2H2 = fN2 = 10 sccm.  
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the specimen surface in the shape of an elongated half-ellipse; the me-
dian cracks are formed at the boundary of the elastic/plastic deforma-
tion zone inside the material below the indenter and extends around in 
an axial direction parallel to the loading direction of the indenter in the 
shape of a circle or notch; the lateral cracks are formed below the 
deformation zone of the indentation and extends parallel to (or 
approximately parallel to) the surface of the specimen in the shape of a 
circle or disc-shaped. 

To study the toughening mechanisms of superhard TiSiCN coatings 
deposited on AISI 304L at fC2H2 = fN2 = 10 sccm, a novel three- 
dimensional reconstruction combined with HRTEM was used to ach-
ieve cross-scale characterization of the microstructure evolution char-
acteristics of microcracks in nanocomposite coatings. First, an 
indentation was pressed on the surface of the coating using a Vickers 
hardness tester under a load of 0.25 N (Fig. 8a). Subsequently, a notch 
was processed around the indentation using FIB (Fig. 8b). Then, layer- 
by-layer collections of the cross-sectional morphologies and etching 
cycles were conducted along the direction indicated by the arrow; the 
obtained layer-by-layer data were fitted into a 3D structure (Fig. 8c). 
The 3D reconstruction has a resolution of 12 × 12 × 10 nm, and the total 
model size is 10.1 × 4.4 × 8.3 μm, with 830 pieces of data. The 3D 
reconstruction results of the coatings were presented in Fig. 8c, where 
pink represents the coatings, yellow represents the transition layers, and 
dark blue represents the crack network structures. Furthermore, Fig. 8e-f 
present the top view, the side view, and the bottom view of the micro-
cracks network structure of the TiSiCN coating, respectively. The 3D 
structure reconstruction process was based on optimized artificial in-
telligence algorithms, effectively identifying the fine crack structures in 
the coating. The data processing can be divided into four steps, among 
which the “Slice Registration process” uses the “Sum of Squared Dif-
ference algorithm”; The “Artifacts Removal process” adopts the “Verti-
cal Descending algorithm”; The “Smoothing process” adopts the “Non- 
Local Means algorithm”; The “Segmentation process adopts the “Deep 
Learning algorithm”. This novel technique has enabled us to better un-
derstand the microstructure evolution characteristics of microcracks in 
TiSiCN coatings, which helps investigate the toughening mechanisms of 
these superhard, toughness coatings. 

In the 3D tomography images of indentation-induced microcracks in 

TiSiCN coatings deposited at fC2H2 = fN2 = 10 sccm in Fig. 8a, c-g, both 
cracks on the surface and cracks in the interior are visible. The scattered 
small number of cracks on the surface (Fig. 8a) may be related to the 
template morphology of the substrate, and they are not connected to the 
internal crack network of the coating. According to the 3D tomography 
images, the spatial distribution of cracks in the superhard TiSiCN coat-
ings can be classified into “lateral” systems, which are parallel to the 
coating surface, and “median” systems, which are approximately par-
allel to the indentation loading direction (Fig. 8c-f). Radial cracks are 
usually observed near the indenter corner when the critical radial stress 
is reached in the brittle film. Meanwhile, as the toughness values of the 
coatings increase, radial cracks extending along the diagonals of the 
indentation are suppressed [39]. No radial cracks were observed in 
TiSiCN coatings when the Vickers hardness indentation load reached 
0.25 N. This indicates a favorable fracture toughness of the superhard 
TiSiCN coatings deposited at fC2H2 = fN2 = 10 sccm. 

Previous studies have shown that cracks in hard coatings deposited 
on plastic substrate surfaces are mainly caused by bending tensile 
stresses [40,41]. The deformation of the substrate under compressive 
force causes a loss of mechanical support for the coating, resulting in the 
generation of bending tensile stresses. Simulation studies on stress 
evolution during the indentation process have revealed that the highest 
tensile stress occurs at the centre and edge of the indentation surface 
[40,42]. As a result, median cracks are formed below the indenter 
projection parallel to the ballast direction. 

The formation of lateral cracks parallel to the surface can be 
explained by the elastic recovery of the coating/substrate system during 
indentation unloading process [43]: During the unloading period of the 
micro indenter, the elastic recovery of the coating is much higher than 
that of the plastic deformation substrate, resulting in tensile stress par-
allel to the surface (As shown in Fig. 8f). The superhard coating with 
highly effective Young’s modulus (513.3 GPa) accumulates high elastic 
strain energy during loading, resulting in the tensile stress parallel to the 
surface to exceed the resistance against lateral cracking (inside the 
coating and at the interface with the substrate). Thus, lateral cracks form 
at the coating/substrate interface and within the coating. 

To further study the propagation mechanisms of microcracks in 
TiSiCN nanocomposite coatings, based on 3D reconstruction structural 

Fig. 10. Coefficient of friction and wear rates of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 sccm in 3.5 wt% NaCl aqueous solution.  
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analysis, a TEM sample is prepared by using FIB to peel a single 
microcrack region at the edge of the indentation under the same load. 
Fig. 9 showed the TEM investigations of the tips of microcracks in the 
cross-sectional morphologies of TiSiCN coatings deposited at fC2H2 = fN2 
= 10 sccm. As shown in Fig. 9, the microcrack propagation in the 
superhard TiSiCN coating is initially relatively straight (approximately 
350 nm), with multiple deflections during propagation (Fig. 9a) and 
significant passivation of the crack tip (Fig. 9b). When a crack encoun-
ters a nanocrystalline interface in the TiSiCN coating, it undergoes 
deflection, leading to a long and tortuous propagation path. This process 
consumes additional energy, enhancing the toughness of the TiSiCN 
coating by preventing further crack propagation. HRTEM images of the 
regions where cracks are greatly deflected by grain boundaries when 
propagating along them reveal changes in the fracture mechanism from 
intergranular to transgranular. Moreover, grain orientations on both 
sides of the crack exhibit small angle deflection, as shown in Fig. 9c and 
Fig. 9d. Transgranular fracture consumes more crack energy than 
intergranular fracture, thereby enhancing the fracture toughness values 
of TiSiCN coatings. When the difference between the direction of crack 
propagation and the angle of the grain boundary is small, the microcrack 
propagation direction is deflected to propagate along the nanocrystal-
line grain boundary, which is influenced by the characteristics of the 
nanocrystalline interface (Fig. 9e). Moreover, during transgranular 
fracture, the direction of microcrack propagation is mostly unchanged 

(Fig. 9f). 
The key to coatings toughening lies in the creation of complex 

coherent boundaries at interfaces, by which more energy is consumed 
during crack initiation and propagation [10]. Our results show that the 
deflection process of microcracks in superhard yet tough TiSiCN coat-
ings is accompanied by the transition between intergranular fracture 
and transgranular fracture, which is related to the crack propagation 
direction and grain boundary angle. The composite fracture mode 
combining transgranular fracture and intergranular fracture can further 
improve the energy dissipation of microcracks and enhance the tough-
ness of the coating. 

3.4. Tribocorrosion resistance 

The tribocorrosion resistance of TiSiCN coatings was evaluated by 
coefficients of friction (COF) and worn surface morphologies. During the 
reciprocating friction process, the friction length was 5 mm, the load was 
1 N, and the friction frequency was 1 Hz. Fig. 10 presents the coefficient 
of friction and wear rates of TiSiCN coatings deposited on AISI 304L in 
3.5 wt% NaCl aqueous solution. The COF of fC2H2 = fN2 = 10 sccm shows 
a trend of fluctuating downwards in tribocorrosion, and the average 
value is 0.11 in the friction stage. The calculated specific wear rate is 
3.23 × 10− 6 mm− 3N− 1m− 1, which is much lower than that for the AISI 
304L stainless steel substrate in our previous research (7.28 × 10− 4 

Fig. 11. Surface morphology and EDS results of the wear scars and debris of TiSiCN coatings deposited at fC2H2 = fN2 = 10– 40 sccm in 3.5 wt% NaCl 
aqueous solution. 
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mm− 3N− 1m− 1) [44]. As fC2H2 = fN2 increases, the average COFs of the 
TiSiCN coatings present a great difference during tribocorrosion. Due to 
the lubrication of increased amorphous carbon, TiSiCN coatings 
deposited at fC2H2 = fN2 = 20 sccm exhibit an ultralow COF of 0.04 and a 
low calculated specific wear rate of 2.57 × 10− 6 mm− 3N− 1m− 1. Mean-
while, TiSiCN coatings deposited at fC2H2 = fN2 = 30 sccm and 40 sccm 
show high and unstable COFs of 0.23 and 0.24, respectively. Surface 
morphologies and EDS results after deducting Na and Cl elements of 
wear scar are demonstrated in Fig. 11. The cubic crystal in the figures 
originates from NaCl microparticles. The regional peeling and large- 
scale failure of TiSiCN coating during the tribocorrosion process result 
in significant COF differences (Fig. 10c and Fig. 10d). TiSiCN coatings 
with low toughness (fC2H2 = fN2 = 30 sccm and 40 sccm) fail with the 
development of microcracks under cyclic loading stress, resulting in 
severe fluctuations in the COF and a rapid decline in wear resistance 
[45–47]. While no macrocracks are observed on the worn surfaces 
during sliding wear in the coatings deposited at fC2H2 = fN2 = 10 and 20 
sccm. This indicates that TiSiCN coatings with high toughness values 
(fC2H2 = fN2 = 10 sccm and 20 sccm) can suppress the initiation and 
development of microcracks under cyclic stress, thereby reducing the 
synergistic effect of friction corrosion mainly caused by Cl− corrosion. 
The results demonstrate that a superhard yet toughness TiSiCN coating 
(fC2H2 = fN2 = 10 sccm) exhibits excellent tribocorrosion resistance in a 
3.5 wt% NaCl solution. 

4. Conclusion 

In conclusion, we deposited TiSiCN coatings by HiPIMS. TiSiCN 
coatings deposited at fC2H2 = fN2 = 10 sccm exhibits an super-high 
hardness of 48 ± 6.99 GPa and favorable toughness. The 3D tomogra-
phy results of indentation-induced microcracks indicate that the spatial 
structure of internal microcracks in superhard yet tough TiSiCN coatings 
deposited on AISI 304L stainless steel substrates consists of lateral crack 
parallel to the surface and discontinuous median cracks structures. 
Based on the formation mechanism of transverse crack networks, 
reducing the elastic modulus of hard and tough coatings deposited on 
plastic substrates is expected to provide higher crack resistance perfor-
mance. And the superhard TiSiCN coatings with highly tough features 
exhibited excellent tribocorrosion resistance performance in 3.5 wt% 
NaCl aqueous solution. 
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