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ABSTRACT

Ti-based coatings following laser ablation were studied to compare degradation behaviors by thermomechanical stress. TiN,

TiCN, and TiAlN coatings were degraded by a Nd:YAG pulsed laser with an increase in the laser pulses. A decrease in the hard-

ness was identified as the pulses increased, and the hardness levels were in the order of TiAlN > TiCN > TiN. The TiN showed

cracks on the surface, and cracks with pores formed along the cracks were observed in the TiCN. The dominant degradation

behavior of the TiAlN was surface pore formation. EDS results revealed that diffusion of substrate atoms to the coating surface

occurred in the TiN. Delamination occurred in the TiN and TiCN, while the TiAlN which has higher thermal stability than the

TiN and TiCN maintained adhesion to the substrate. It was considered that the decrease in the hardness of the Ti-based hard

coatings is attributed to surface cracking and the diffusion of substrate atoms.
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1. Introduction

ard nitride coatings have been used in various indus-

tries due to their excellent physical and chemical prop-

erties, such as high hardness, chemical stability, and wear

resistance. TiN coatings deposited by various PVD tech-

niques have proven their effectiveness in increasing the life-

times of tools in many applications. Alloying some elements

to TiN has been conducted to improve the thermal resis-

tance and friction coefficient; therefore, various Ti-based

coatings including TiCN and TiAlN have been developed

and investigated. 1-4)

During the dry high-speed cutting (DHSC) process,

repeated frictional loads occur between the tool and the

workpiece on a short time scale, and result in coating fail-

ures such as spalling and delamination, which limit tool

lifetimes.5,6) Thus, it is important to understand the degra-

dation behaviors of hard coatings before their application to

assess the lifetimes and reliabilities of the cutting tools.

A thermal shock test using pulsed laser ablation is closer

to the practical condition of coatings than the conventional

approach of applying a thermal shock using a furnace,

which causes overall and extended heating of the entire

area of a specimen. Laser ablation simultaneously induces

mechanical stress and high temperatures in a short time on

a local region of the surface of a coating with less oxidation

than the furnace heating method. In this sense, this method

has been used to evaluate the influence of thermomechani-

cal stress.5, 7-9) Other studies have characterized various Ti-

based hard coatings by applying mechanical10-12) or thermal

stress.13-15) Therefore, it is necessary to investigate the deg-

radation behaviors of coatings under thermomechanical

stress, as doing so more closely approximates practical con-

ditions.

In our previous study,8) the crack propagation behaviors of

TiN coatings according to various laser energy output levels

and pulses were investigated. The present work was con-

ducted to compare and understand the degradation behav-

iors of Ti-based hard coatings by repeated thermomechanical

stress. The coating specimens were degraded by a Nd:YAG

pulsed laser ablation system with increases in the number

of laser pulses, and the ablated regions were investigated in

terms of surface and cross-sectional observations.

2. Experimental Procedures

TiN, TiCN, and TiAlN coatings used were deposited on

Inconel 617 substrates (25 × 30 × 10 mm) with a coating

thickness of ~1.5 µm by arc-discharge technique.16) Detailed

deposition conditions are shown in Table 1. A high-power

Nd-YAG laser ablation system (LSX-213, CETAC Technolo-

gies, USA) was utilized for the laser thermal shock test of

the coating specimens. It was operated in Q-switched mode

at a basic wavelength of 213 nm.7,8) The laser fluency was

~13 J/cm2 for a 200 µm spot, and the laser irradiance was

~2 GW/cm2 with a pulse width of < 6ns. The number of laser

ablation pulses was increased in the following fixed ablation

condition: a 1 Hz frequency and a 200 µm spot diameter. The

number of laser pulses ranged from 1 to 15 while the abla-
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tion interval was fixed at one second. The hardness of the

ablated spots was measured using a Knoop microhardness

tester (MMT7, Matsuzawa, Japan) under a load of 50 gf.

The hardness value of each ablated spot was calculated by

averaging ten measurements. The surface morphologies of

the ablated spots were investigated by field-emission scan-

ning electron microscopy (FE-SEM; S-4800, Hitachi, Japan),

and energy dispersive spectroscopy (EDS; EMAX, Horiba,

Japan) was applied to analyze the atomic changes of the

coatings and substrate materials in the ablated spots after

the repeated pulsed laser ablation. Cross-sections of the

ablated spots were prepared and imaged using a dual-beam

focused ion beam (FIB; Nova 200 NanoLab, FEI, USA) mill-

ing technique to observe the degradation behaviors of the

coating/substrate systems. Details of the preparation of the

cross-sections by the FIB milling process are described in

the literature.17,18)

3. Results and Discussion

Figure 1 shows the decrease in the hardness of the coating

specimens with an increase of the number of laser pulses.

The hardnesses of the as-deposited coatings (without the

laser ablation) were similar to established values from ear-

lier studies.19,20) All coating specimens showed decreased

hardness with an increase in the number of pulses,9) and the

hardnesses were in the order of TiAlN > TiCN > TiN in all of

the pulse ranges. The hardness of the TiAlN coating was

maintained at ~50% of its initial value after 15 laser pulses,

in contrast to the TiN and the TiCN coatings, which showed

hardness values of less than 50% of their initial values after

11 and 13 pulses, respectively. 

Degraded surfaces of the ablated spots were observed as

shown in Fig. 2 to investigate the difference in the hardness

values after the laser ablation. As shown in Figs. 2(a) and

(d), the TiN coating showed micro-cracks on the coating sur-

face, and the size of the cracks increased as the number of

laser pulses increased.7,8) Surface micro-cracks were also

generated on the TiCN coating, and many pores were

formed along the cracks by additional pulses, as shown in

Figs. 2(b) and (e). In the case of the TiAlN coating, there

were pores on the surface, but fewer surface cracks was

observed compared to the TiN and TiCN coatings (in Figs. 2

(c) and (f)). The active pore formation on the TiCN coating

can be explained as stemming from escaping gas.21) During

the oxidation of Ti-based coating materials at high tempera-

tures, the formation and escape of N
2
 occurs in the coating

surfaces from the coating to the atmosphere when CO
2
 gas

also forms and escapes from TiCN coatings. Therefore, the

escape of CO
2
, which has larger molecules than N

2
, gener-

ates much more pores on the TiCN coating. From the sur-

face observation, it was found that the decrease in the

hardness of the coatings was caused by a large degree of

surface cracking, exceeding the formation of pores on the

coating surface. 

Figure 3 shows the results of EDS analyses of each coat-

ing specimen before and after the laser ablation. Peaks for

titanium and aluminium (coating elements) were identi-

fied on the surfaces in the as-deposited states, as shown in

Figs. 3(a) ~ (c). After five pulses, peaks for nickel, chrome,

cobalt, and molybdenum, which are main materials of the

substrate (Inconel 617), appeared in the TiN coating (in

Fig. 3(d)). In contrast, the TiCN coating showed faint peaks

for nickel and the TiAlN coating had no peaks matching the

Table 1. Deposition Conditions of Coating Specimens Used in This Study

Coating materials TiN TiCN TiAlN

Target material Ti (99.99 wt%) Ti (99.99 wt%) Ti (99.99 wt%)

Al (99.99 wt%)

Reactive gas N
2
 (nitrogen) CH

4
 (methane) N

2
 (nitrogen)

Base Pressure 1.0 × 10-5 torr

Working Pressure 1.0 × 10-2 Torr

R.F power 200 W

Deposition temperature 450oC

Deposition time 2 h 4 h

Rotational velocity of substrate 15 rpm

Ar
 
gas ratio 3 ~ 5 : 1

Fig. 1. Decrease in hardness of Ti-based coating specimens
as increase of the number of laser pulses.
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Fig. 2. Deteriorated coating surfaces by laser ablation: TiN coating after (a) 5 and (d) 9 pulses, TiCN coating after (b) 5 and (e) 9
pulses, TiAlN coating after (c) 5 and (f) 9 pulses.

Fig. 3. EDS results for the coating specimens: TiN coating (a) in a state of as-deposited and (d) after 5 pulses, TiCN coating (b)
in a state of as-deposited and (e) after 5 pulses, TiAlN coating (c) in a state of as-deposited and (f) after 5 pulses.
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substrate materials. The appearance of these peaks means

that there was much more diffusion of the substrate atoms

to the coating surface by the high temperature caused by

the pulsed laser onto the TiN coating,22) where surface

cracking was active, as shown in Figs. 3(d) ~ (f). It was

expected that TiAlN, which has the lowest thermal conduc-

tivity, caused the lowest heat transfer to the substrate.

Therefore, the atoms of the substrate typically did not

appear on the coating surfaces.23) In addition, the surface

cracking, which were generated most in the TiN coating,

induced more heat transfer from the coating surface to the

substrate compared to other coatings.24,25)

The degraded coating/substrate cross-sections of the

ablated spots are shown in Fig. 4. As shown in Fig. 4(a),

cracks initiated from the coating surface and were linked to

the coating/substrate delamination of the TiN coating by

the laser ablation. The width of the cracks increased as the

number of the laser pulses increased, with the bursting of

the substrate eventually observed, as shown in Fig. 4(d).

The TiCN coatings showed cracks which originated from the

coating surface, but the depth of the cracks was much lower

than that of the cracks in the TiN coating. Delamination of

the coating layer and bursting of the substrate also occurred

upon further pulses, while deeper cracks did not form (in

Fig. 4(e)). For the TiAlN coating, as shown in Figs. 4(c) and

(f), the coating thickness decreased more than it did in the

TiN and the TiCN coatings as the laser pulses increased,

but delamination or burst phenomena were not observed,

while good adhesion between the coating and the substrate

was maintained. The differences in the coating failures can

be explained that the strongest resistance to the coating

failures of the TiAlN was attributed to the higher thermal

stability of TiAlN26,27); therefore, the ability to resist a coat-

ing failure by pulsed laser ablation, which is the source of

the thermomechanical stress, was higher in the TiAlN than

it was the TiN and TiCN.

4. Conclusions

The degradation behaviors of TiN, TiCN, and TiAlN coat-

ings on Inconel 617 substrates were investigated and com-

pared after pulsed laser ablation. All of the coating

specimens showed a decreasing trend in their hardnesses as

the number of laser pulses increased, and the TiN coating

had lowest hardness values during the experiment. Micro-

cracking on the coating surface was the dominant degrada-

tion mode in the TiN, while the TiCN and the TiAlN showed

pores on the surface. Considerable surface cracking in the

TiN influenced the decrease in hardness more than the for-

mation of pores on the coating surface, also causing the dif-

fusion of the substrate atoms from the substrate to the

coatings. The adhesion between the coating layer and the

substrate was well maintained in the TiAlN, in contrast to

TiN and TiCN which showed delamination and burst sub-

strates. It was considered that the main reasons of the deg-

radation in the Ti-based hard coatings by pulsed laser

ablation were the considerable cracking of the coating sur-

faces and the diffusion of substrate atoms by heat transfer,

a phenomenon that was increased by the cracking. Various

properties of hard coating materials which can affect the

degradation behaviors during laser ablation should be con-

sidered in future studies to improve, predict, and understand

mechanisms of coating failures caused by thermomechanical

stress.

Fig. 4. Cross-sectional images of the ablated spots: TiN coating after (a) 5 and (d) 9 pulses, TiCN coating after (b) 5 and (e) 9
pulses, TiAlN coating after (f) 5 and (f) 9 pulses.



November 2013          Comparison of Degradation Behaviors for Titanium-based Hard Coatings by Pulsed Laser Thermal Shock 527

Acknowledgment

This work was supported by the National Research Foun-

dation of Korea (NRF) grant funded by the Korea govern-

ment (MSIP) through GCRC-SOP (No. 2011-0030013).

REFERENCES

1. A. Devillez, F. Schneider, S. Dominiak, D. Dudzinski, and

D. Larrouquere, “Cutting Forces and Wear in Dry Machin-

ing of Inconel 718 with Coated Carbide Tools,” Wear, 262

[7-8] 931-42 (2007).

2. J. H. Hsieh, A. L. K. Tan, and X. T. Zeng, “Oxidation and

Wear Behaviors of Ti-Based Thin Films,” Surf. Coat. Tech-

nol., 201 [7] 4094-98 (2006).

3. E. Konca, Y. T. Cheng, A. M. Weiner, J. M. Dasch, A.

Erdemir, and A. T. Alpas, “Elevated Temperature Tribological

Behavior of Non-hydrogenated Diamond-like Carbon Coat-

ings against 319 Aluminum Alloy,” Surf. Coat. Technol.,

200 [12-13] 2260-70 (2005).

4. J. -L. Cao, K. -L. Choy, H. L. Sun, H. -Q. Li, D. Teer, and M.

-D. Bao, “Syntheses of Nano-multilayered TiN/TiSiN and

CrN/CrSiN Hard Coatings,” J. Coat. Technol. Res., 8 [2]

283-88 (2010).

5. G. Kirchhoff, T. Göbel, H. A. Bahr, H. Balke, K. Wetzig, and

K. Bartsch, “Damage Analysis for Thermally Cycled (Ti,Al)

N Coatings - Estimation of Strength and Interface Fracture

Toughness,” Surf. Coat. Technol., 179 [1] 39-46 (2004).

6. O. Knotek, F. Löffler, C. Barimani, and G. Kraemer, “Hard

Coatings for Cutting and Forming Tools by PVD Arc Pro-

cesses,” Mater. Sci. Forum, 246 29-60 (1997).

7. Y. K. Choi, S. Jeon, T. M. Noh, S. H. Yoon, M. -S. Jeon, H. -G.

Shin, K. H. Kim, and H. S. Lee, “A Comparative Study of

Thermal Shock Tests: Chemical Composition and Micro-

structural Analyses on the Surface of TiN Coatings after

Thermal Shock by Laser Ablation,” J. Ceram. Process. Res.,

13 [4] 383-88 (2012).

8. Y. K. Choi, S. Jeon, M. -S. Jeon, H. -G. Shin, H. H. Chun,

Y. -S. Lee, and H. S. Lee, “Crack Propagation Behavior of

TiN Coatings by Laser Thermal Shock Experiments,” Appl.

Surf. Sci., 258 [22] 8752-57 (2012).

9. M. Jelani, S. Bashir, M.K. Rehman, R. Ahamad, H. Faizan-

ul, D. Yousaf, M. Akram, N. Afzal, M.U. Chaudhry, K.

Mahmood, A. Hayat, and S. Ahmad, “Effect of Laser Flu-

ence on Surface, Structural and Mechanical Properties of

Zr after Irradiation in the Ambient Environment of Oxy-

gen,” Eur. Phys. J. D, 67 [8] 1-7 (2013).

10. J. Haider, M. Rahman, B. Corcoran, and M. S. J. Hashmi,

“Simulation of Thermal Stress in Magnetron Sputtered

Thin Coating by Finite Element Analysis,” J. Mater. Pro-

cess. Technol., 168 [1] 36-41 (2005).

11. A. Glaser, S. Surnev, F. P. Netzer, N. Fateh, G. A. Fon-

talvo, and C. Mitterer, “Oxidation of Vanadium Nitride and

Titanium Nitride Coatings,” Surf. Sci., 601 [4] 1153-59

(2007).

12. K. D. Bouzakis, G. Skordaris, S. Gerardis, G. Katirtzoglou,

S. Makrimallakis, M. Pappa, E. LilI, and R. M'Saoubi,

“Ambient and Elevated Temperature Properties of TiN,

TiAlN and TiSiN PVD Films and Their Impact on the Cut-

ting Performance of Coated Carbide Tools,” Surf. Coat.

Technol., 204 [6-7] 1061-65 (2009).

13. L.W. Ma, J. M. Cairney, M. J. Hoffman, and P. R. Munroe,

“Deformation and Fracture of TiN and TiAlN Coatings on a

Steel Substrate during Nanoindentation,” Surf. Coat. Tech-

nol., 200 [11] 3518-26 (2006).

14. J. Deng, F. Wu, Y. Lian, Y. Xing, and S. Li, “Erosion Wear

of CrN, TiN, CrAlN, and TiAlN PVD Nitride Coatings,” Int.

J. Refract. Met. Hard Mater., 35 10-16 (2012).

15. S.-Y. Yoon, J.-K. Kim, and K. H. Kim, “A Comparative

Study on Tribological Behavior of TiN and TiAlN Coatings

Prepared by Arc Ion Plating Technique,” Surf. Coat. Tech-

nol., 161 237-42 (2002).

16. B. W. Lee, J. C. Park, M. R. Kim, J. H. Koo, B. I. Kim, and

H. Cho, “The Effect of TiCrN Coating on High Temperature

Stability of Inconel 617 (in Korean),” J. Kor. Cryst. Growth

Cryst. Technol., 21 [6] 235-39 (2011).

17. R. Wirth, “Focused Ion Beam (FIB) Combined with SEM

and TEM: Advanced Analytical Tools for Studies of Chemi-

cal Composition, Microstructure and Crystal Structure in

Geomaterials on a Nanometre Scale,” Chem. Geol., 261 [3-

4] 217-29 (2009).

18. P. R. Munroe, “The Application of Focused Ion Beam

Microscopy in the Material Sciences,” Mater. Charact., 60

[1] 2-13 (2009).

19. P. Fallb hmer, C. A. Rodríguez, T. zel, and T. Altan,

“High-speed Machining of Cast Iron and Alloy Steels for

Die and Mold Manufacturing,” J. Mater. Process. Technol.,

98 [15] 104-15 (2000).

20. P. C. Jindal, A. T. Santhanam, U. Schleinkofer, and A. F.

Shuster, “Performance of PVD TiN, TiCN, and TiAlN Coated

Cemented Carbide Tools in Turning,” Int. J. Refract. Met.

Hard Mater., 17 163-70 (1999).

21. D. -B. Lee, G. -Y. Kim, and J. -K. Lee, “Oxidation of TiN

and Ti(C,N) Thin Films Deposited on Titanium Substrate,”

Met. Mater. Int., 9 [1] 43-46 (2003).

22. Y. C. Chim, X. Z. Ding, X. T. Zeng, and S. Zhang, “Oxida-

tion Resistance of TiN, CrN, TiAlN and CrAlN Coatings

Deposited by Lateral Rotating Cathode Arc,” Thin Solid

Films, 517 [17] 4845-49 (2009).

23. D. Dudzinski, A. Devillez, A. Moufki, D. Larrouquère, V.

Zerrouki, and J. Vigneau, “A Review of Developments towards

Dry and High Speed Machining of Inconel 718 Alloy,” Int.

J. Mach. Tool. Manu., 44 [4] 439-56 (2004).

24. E. Matthias, M. Reichling, J. Siegel, O.W. Kading, S. Pet-

zoldt, H. Skurk, P. Bizenberger, and E. Neske, “The Influ-

ence of Thermal Diffusion on Laser Ablation of Metal

Films,” Appl. Phys. A, 58 129-36 (1994).

25. T. J. Magee and C. S. Leung, “Scanning UV Laser Removal

of Contaminants from Semiconductor and Optical Sur-

faces,” Part. Surf., 3 307 (1991)

26. K. Kulkarni, A. Srivastava, R. Shivpuri, R. Bhattacharya,

S. Dixit, and D. Bhat, “Thermal Cracking Behavior of Multi-

layer LAFAD Coatings on Nitrided Die Steels in Liquid Alumi-

num Processing,” Surf. Coat. Technol., 149 [2-3] 171-78 (2002).

27. A. Persson, S. Hogmark, and J. Bergström, “Thermal Fatigue

Cracking of Surface Engineered Hot Work Tool Steels,”

Surf. Coat. Technol., 191 [2-3] 216-27 (2005).

o·· O
··


