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Abstract: Interface fracture often occurs in systems of soft substrate and hard coatings during the service process, which is related to 

the weak interface strength and the unstable expansion of cracks along the interface induced by the residual thermal stress. The 

residual thermal stress mainly comes from the mismatch of thermal physical properties between matrix and hard coatings. In this 

study, a gradient carburized layer was prepared on TC4 substrate before the deposition of TiN(Ti) coatings using double glow 

plasma carburization. And then the mono- and multilayer TiN(Ti) coatings were synthesized on the carburized layer, forming 

composite hard coatings. The effect of substrate carburizing on properties of coatings was studied. The results show that the 

composite coatings’ hardness can be increased nearly 2 times and the bonding strength is enhanced to over 80 N, compared with that 

of mono-and multilayer TiN(Ti) coatings. Also the interface brittle fracture tendency is restrained obviously by the hardened

substrate, and the coordinative deformation ability of the coating at extra load is optimized. The composite coating composed of 

pre-carburized layer and TiN hard coating shows a higher strength and toughness.
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Hard coatings by physical vapor deposition, such as TiN, 

TiAlN and C/TiAlSiN, which have higher hardness, better 

wear and oxidation resistance, could improve the surface per-

formance of components in high-speed manufacturing

[1-6]

. 

However, these coatings often exhibit a higher level resid-

ual stress and brittleness which result in fracture and flak-

ing 

[7,8]

. Many efforts on the control of residual stress and 

toughness enhancement have been made 

[9-11]. 

Based on architectural approaches, some researchers 

have investigated that multilayer coatings of ductile metal-

lic and brittle ceramic-like layers possess better toughness 

and adhesion strength due to their low and constant level of 

residual stress 

[12-16]

. R. Ali et al. formulated a numerical 

mode of Ti/TiN multilayer by multi-physics and found an 

optimal thickness of each individual layer in a multilayer 

causing a significant decrease in residual stress and im-

provement in adhesion 

[17]

. M. Azadi et al studied the 

TiN/TiC multilayer coatings on hot work tool steel and that 

the increase in the number of interlayers could result in an 

enhancement in microhardness and fracture toughness 

compared to monolayer coatings

[18]

. J. Li et al researched 

the multiple TiN/Ti coating, and found that multilayer 

structure could offer a greater resistance to cracking and 

delamination 

[19]

. 

Despite a lot of achievements on the multilayer coat-

ings’ design and properties, less effort is focused on the 

interface between coating and substrate, and also limited 

researches have been reported about the effect of substrate 

pre-strengthening on coatings properties. In this paper the 

TC4 substrate was pre-strengthened by a carburized layer 

using double glow plasma carburization before deposition 

of the TiN(Ti) coatings. And the effects of substrate 

pre-carburization on properties of mono- and multilayered 

TiN (Ti) hard coatings were studied in detail.

1 Experiment
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In this work, the Ti/TiN multilayer coatings as well as 

corresponding TiN monolayer coatings were synthesized on 

TC4 alloys by plasma enhanced ion plating system. Before 

deposition, the TC4 substrate was strengthened firstly by 

forming a diffused carburized layer on the surface using 

double glow plasma carburization. This diffused carburized 

layer could form an increasing hardness gradient on TC4 

substrate and also induce compressive stress which is good 

for the interface bonding strength. Fig.1 shows the sche-

matic of the double glow plasma carburization system. The 

sample was fixed on the work electrode and the source 

electrode was made of high purity graphite. In Ar plasma 

atmosphere, the carbon atoms and ions were sputtered by 

the glow discharge between anode and source electrode,

and enhanced further by the second glow discharge between 

anode and work electrode; the second glow discharge could

heat the sample to supply more energy for the carbon diffu-

sion. So the carburized layer could be formed quickly on 

the sample surface and TC4 substrate’s hardness was en- 

hanced. After that, the monolayer TiN and 6 periods of

Fig.1 Schematics of the double glow plasma carburization 

system

multilayer Ti/TiN coatings were deposited. Also the TC4 al-

loys without pre-carburization were used as substrates for 

comparison. Deposition parameters are presented in Table 1.

Cross-sectional morphology of the mono- and multilayer 

TiN(Ti) coatings were characterized by the scanning electron 

microscopy operated at 20 kV (JSM-6460F, SEM). And a 

MH-5 digital Vickers micro hardness test instrument was 

used to determine coating’s hardness with the test load of 

0.24 N and dwell time of 10 s. The coating’s adhesion and 

interface fracture mechanism were evaluated by a scratch 

tester (Rockwell HRC penetrator). The scratch was 4 mm in 

length on which the load was increased linearly from 0 N  

up to 100 N. After the test, the fracture morphology of coat-

ing, especially the crack initiation and propagation were ob-

served by SEM.

2 Results and Discussion

2.1 Structural characterization

Fig.2 shows the cross-sectional SEM images of mono- and 

multilayer TiN(Ti) coatings deposited on TC4 substrates with 

and without pre-carburization. All the coatings exhibit a dense 

columnar morphology, with tight bonding with substrate. No 

obvious defects could be observed, even at regions close to the 

substrate. The monolayer TiN coating as shown in Fig.2a and 

Fig.2b have a thickness over 5 µm. In the images of multilayer 

Ti/TiN coatings (corroded by acid solutions of HNO

3 

and HF)

as shown in Fig.2c and Fig.2d, the multilayer architecture, 

composed of �0.32 µm thick Ti layer (dark contrast) and �

1.5 µm thick TiN layer (light contrast) is clearly observed. The 

modulated period is precisely controlled to be 6 and the 

modulate ratio of Ti to TiN is about 0.2. The coating’s thick-

ness can reach over 10 µm with no adhesion. In addition it can 

be found that the mono- and multilayer TiN(Ti) are bonded

tightly with the TC4 of pre-carburization, as shown in Fig.2b 

and Fig.2d.

Table 1 Summary of deposition of mono- and multilayer TiN(Ti) hard coatings

No. Type of layers Type of substrates Time of deposition/min Thickness/µm

1 TiN TC4 90’ TiN 7.2

2 6 periods Ti/TiN TC4 6 periods (3’Ti+17’TiN) 11.2

3 TiN TC4 with pre-carburization 90’TiN 6.1

4 6 periods Ti/TiN TC4 with pre-carburization 6 periods (3’Ti+17’TiN) 10.6

Note: “

’

” is time (min)

Fig.2 Cross-sectional SEM images of mono- and multilayer TiN(Ti) coatings on TC4 substrates with and without pre-carburization:    

(a) monolayer TiN coating; (b) monolayer TiN coating with pre-carburization; (c) multilayer Ti/TiN coating; (d) multilayer Ti/TiN 

coating with pre-carburization

a

b

c

d
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2.2 Effect of pre-carburization on coatings’ hard-

ness and bonding strength

The microhardness test was carried out on the TiN mono-

layer and Ti/TiN multilayer on TC4 substrate with and 

without pre-carburization. As shown in Fig.3, the sample 

with 6 periods of Ti/TiN coatings has a higher hardness

(HV), about 13 000 MPa, than the monolayer TiN coating. 

The higher hardness of the multilayer system can be attrib-

uted to the increase in the number of interfaces, acting as 

barriers to dislocation movement, so the plastic deformation 

is restrained

[20,21]

. After pre-carburization, the TC4 substrate 

was hardened and the coating’s hardness was improved 

further. As shown in Fig.3, the hardness (HV) of monolayer 

TiN deposited on TC4 with pre-carburization is about

20 000 MPa and that of multilayer Ti/TiN coating is higher, 

about 23 000 MPa. The mechanism can be explained by the 

TC4 substrate strengthening. The carburized layer makes 

the substrate harder and gains a higher plastic deformation 

resistance. At the interface of the coating and substrate, the 

coating’s plastic deformation is restricted by the hard sub-

strate and the dislocation movement is restrained. So the 

hardness is improved.

Fig.4 shows the bonding strength of the mono- and multi-

layer TiN (Ti) deposited on TC4 substrates with and without 

pre-carburization. In this work, the monolayer TiN coating 

with a thickness over 5 µm has the lowest bonding strength, 

about 25 N with TC4 substrate (Fig.4a), but it is enhanced 

remarkably when the substrate is strengthened in advance. 

The bonding strength can reach above 75 N as shown in 

Fig.4c. Similarly, the bonding strength of the multilayer 

Ti/TiN coating with 6 periods shows the same current. Even 

though the thickness exceeds 10 µm, coating’s bonding 

strength is increased from 55 to 80 N due to the function of 

carburized layer (compared with Fig.4b and Fig.4d).

In fact, the higher bonding strength of composite coating 

systems can be attributed to the optimization of micro-

structure. Firstly, it has been explained in the literature that 

a lower residual stress could be obtained in multilayer Ti/TiN 

coating which is good for restraining the crack expansion, 

and the crack-tip was blunted by plastic deformation of the 

ductile Ti interlayer

[22,23]

. Secondly, a compress stress was 

induced at the interface of the coating and substrate

Fig.3 Hardness characterization of mono- and multilayer TiN(Ti) 

coatings with and without pre-carburization

Fig.4 Bonding strength of mono- and multilayer TiN(Ti) coatings on TC4 substrates without and with pre-carburization: (a) monolayer

TiN coating, (b) monolayer TiN coating with pre-carburization, (c) multilayer Ti/TiN coating, and (d) multilayer Ti/TiN coating 

with pre-carburization
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by the carburized layer which can also improve adhesion 

and toughness. Thirdly, the system with hard substrate and 

coating shows a higher coordinated deformation ability at 

extra test load in a micro area, avoiding the brittle crack 

initiation and expansion along the interface, so the fracture 

of the coating from substrate can be blocked, compared

with the system of soft substrate and hard coating. When a 

higher scratch test load (>85 N in this work) was applied on 

the coating, this coordinated deformation was broken and 

adhesive failure occurred.

2.3  Effect of pre-carburization on coating’s inter-

face fracture mechanism

Based on the interface fracture morphologies, the effect 

of pre-carburization on coating’s interface mechanism was 

studied. 

As shown in Fig.5a, the monolayer TiN coating cracked

at initial scratch stage and then fractured continuously 

along the scratch. From Fig.5b which is the magnified area 

of Fig.5a, it can be seen that the coating shows a brittle and 

fatal fracture with crack initiation and expansion. The frac-

ture mode can be attributed to the interface stress and the 

coating itself. As we all know, the system of soft substrate 

and hard coating often has higher residual stress, because of 

their mismatch of physical properties, which accumulates at 

the interface. The ceramic-like TiN coating possesses

higher brittleness. So the interface brittle fracture occurs at 

the function of extra scratch load.

After pre-carburization, the coating fracture is restrained. 

From Fig.6a, the coating cracked until the second half of 

the scratch, meaning an improvement in fracture resistance, 

which is consistent with the test result in Fig.4b.

Fig.5 Fracture morphologies of monolayer TiN coating:       

(a) macro scratch track and (b) local magnified area 

Besides, the fracture of the composite coating is discon-

tinuous and is restrained in a smaller area, comparing with 

that of monolayer TiN in Fig.5. So it can be believed that 

the monolayer TiN coating’s fracture resistance is improved 

by the pre-carburization of substrate.

The study of multilayer Ti/TiN coating shows that a sig-

nificant improvement in properties, especially in bonding 

strength can be achieved

[12]

. Correspondingly, the effect of 

pre-carburization on fracture of multilayer Ti/TiN coating is 

also positive. Before pre-carburization, the multilayer

Ti/TiN coating with 6 periods only shows a crack initiation 

and propagation mode, as shown in Fig.7a. With increasing

the scratch load, more and more micro cracks can be seen at 

the edge of scratch track, and the crack propagation direc-

tion is deflected. From the magnified area of Fig.7a, the 

fracture morphology in a smaller area along the crack can 

be seen in Fig.7b and that fracture only occurs at several 

periods of multilayer, suggesting the Ti/TiN coating is not 

totally destroyed.

Further, the composite coating with pre-carburized layer 

and multilayer Ti/TiN coating has a higher interface frac-

ture resistance. As shown in Fig.8a, no obvious crack or 

fracture can be seen, and only a smaller fracture is found at 

the end of scratch track, at about 80 N of scratch load. 

Fig.8b presents the fracture morphology of white area in 

Fig.8a. A gradual peeling with a layer-by-layer mode can be 

seen clearly, which is consistent with that of Ti/TiN multi-

layer coating, as shown in Fig.7b. The peeling mode can be 

explained as follows: the first TiN interlayer of composite 

coating fractured firstly at higher contact stress induced by 

Fig.6 Fracture morphologies of composite coating with carbur-

ized layer and monolayer TiN coating: (a) macro scratch 

track and (b) local magnified area 

a

b

a

b
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Fig.7 Fracture morphologies of Ti/TiN coating with 6 periods:  

(a) macro scratch track and (b) local magnified area

Fig.8 Fracture morphologies of composite coating with carbur-

ized layer and 6 periods of Ti/TiN coating: (a) macro 

scratch track and (b) local magnified area

scratch load, and the micro cracks continue to expand, 

causing the second TiN layer fracture. Along this process, 

the energy of crack tip is absorbed by the tougher Ti inter-

layer and decreases gradually. When the energy loss ex-

ceeds the power of crack propagation, the cracks would 

stop expanding and the coating would not be fractured any 

more.

The positive effect of pre-carburization on coating frac-

ture mechanism can be explained in three aspects. Firstly, a 

gradient hardening layer formed by carbon diffusion which 

is good for improving the physical matching of substrate 

and coating, so the interface bonding strength is enhanced, 

avoiding the interface fracture. Secondly, a compressive 

stress gradient is also induced before deposition of TiN 

coating. Then the tensile stress, accumulating at the inter-

face during the process of coating deposition, was offset by 

that stress gradient, forming a lower residual stress. The 

reduction of residual stress in the coating could inhibit the 

micro crack propagation during the scratch, unless increas-

ing the scratch load. Thirdly, the carrying capacity of com-

posite coating is improved by the hardened substrate, which 

means the strengthening of coordinative deformation at ex-

tra load. As a result, the crack initiation resistance is en-

hanced. 

In summary, the internal factors of crack initiation and 

propagation, such as residual stress and coating brittleness 

are significantly suppressed. And large areas of interface 

fracture are prevented due to the lower interface stress and 

higher bonding strength. Even an instantaneous breaking 

occurs, the influenced area is limited, without affecting the 

integrity of the coating. In other words, the toughness of 

composite coating is improved.

3 Conclusions

1) The positive effect of substrate carburizing on proper-

ties of mono- and multilayer TiN(Ti) coatings was studied. 

A harder substrate makes the coating has a higher plastic 

deformation resistance, possessing a higher hardness. Also 

the bonding strength is improved by forming a lower stress 

gradient at the function of carbon diffusion. 

2) The composite coating’s carrying capacity is enhanced, 

which means a better coordinative deformation ability, and 

the crack initiation and propagation are significantly sup-

pressed. So the interface brittle fracture is inhibited.

References

1 Bartosik M, Holec D, Apel D et al. Scripta Materialia[J], 2017, 

127: 182

2 Arulkirubakaran D, Senthilkumar V. International Journal of 

Refractory Metals and Hard Materials[J], 2017, 62(A): 47

3 Tang Y, Ma B, Liu B et al. Rare Metal Materials and 

Engineering[J], 2016, 45(12): 3057

4  Danek M, Fernandes F, Cavaleiro A et al. Surface and 

Coatings Technology[J], 2017, 313: 158

5  Wang Y F, Li Z X, Du J H et al. Applied Surface Science[J], 

2011, 258(1): 456

6 Shypylenko A, Pshyk A V, Grześkowiak B et al. Materials & 

Design[J], 2016, 110: 821

7 Wang L, Zhong X, Zhao Y et al. Journal of Asian Ceramic 

Societies[J], 2014, 2(2): 102

a

b

a

b



3300 Wang Yanfeng et al. / Rare Metal Materials and Engineering, 2018, 47(11): 3295-3300

8 Vaz F, Rebouta L, Goudeau P et al. Thin Solid Films[J], 2002, 

402(1-2): 195

9 Voglia E, Tillmann W, Selvadurai-Lass U. Applied Surface 

Science[J], 2011, 257(20): 8550

10 Evans A G, Hutchinson J W. Acta Metallurgica et Materi-

alia[J],1995, 43(7): 2507

11 Tillmann W, Vogli E. Advanced Engineering Materials[J], 

2008, 10(1-2): 79

12 Mori T, Fukuda S, Takemura Y. Surface and Coatings 

Technology[J], 2001, 140(2): 122

13 Bouaouina B, Besnard A, Abaidiaa S E et al. Applied Surface 

Science[J], 2017, 395: 117

14 Dang C, Li J, Wang Y et al. Applied Surface Science[J], 2016, 

386: 224

15 Wang Y F, Li Z X, Wang H N et al. Rare Metal Materials and 

Engineering[J], 2017, 46(5): 1219

16 Song G H, Luo Z H, Li F et al. Transactions of Nonferrous 

Metals Society of China[J], 2015, 25(3): 811

17 Ali R, Sebastiani M, Bemporad E. Materials and Design[J], 

2015, 75: 47

18 Azadi M, Rouhaghdama A S, Ahangarani S et al. Surface & 

Coatings Technology[J], 2014, 245: 156

19  Li J, Zheng H, Sinkovits T. Applied Surface Science[J], 2015, 

352: 502

20 Abadias G, Michel A, Tromas C et al. Surface & Coatings 

Technology[J], 2007, 202(4-7): 844

21 Stueber M, Holleck H, Leiste H et al. Journal of Alloys and 

Compounds[J], 2009, 483(1-2): 321

22 Voevodin A A. Surface & Coatings Technology[J], 2001, 148

(1): 38

23 Subramanian C, Cavallaro G, Winkelman G. Wear[J], 2000, 

241(2): 228

������ Ti-6Al-4V ��	
 TiN(Ti)��
������

���

1,2

����

2

�� 	

3

�
��

2

�
��

2

����

2

(1. ��������	
� �� 710055)

(2. ���
�����	
� �� 710016)

(3. ���������� ���������� !"#$	%& '( 610213)

� ��)*+,-./01�	2234+56789:;<=>+,0?:@A67:BCDE	FGBCDEHIJ367K

LM��N=:OPQR:DSTUV@:WKLM��HIXY45Z[+,\]-M^_�`abcdefghci:;jkW

lmnoFG;jkc	-pq TiN)*+,rs	t0uvwxTy��- TC45Zz7{'|�}~�9a�9��:y�)�

,	����fwx�8wx���pqm�,��,�� Ti/TiN+,	��5Z�y�,��z7;��� TiN(Ti))*+,ci:

��W��z�	5Z�0�y�8��h�	��4�} TiN��,�� Ti/TiN)*+,	��y�,:z7)9i��� 2 	

+5��89¡¢ 80 N£¤W�¥	�0)��:5ZO¦§pm�z7��)*+,:67¨c©Qª«	��+,-¬­®¯°

�±:[5Z:²�³{i�´µ­8	8¶cO¦��W

����y�,·TiN/TiN +,·67©Q·OP)9·��89

°¸¹º»¼½¾	¿	1983ÀA	�ÁÂ1Ã	���
�����ÄÅ[ÆÇ��È	
� �� 710016	ÉÊ»029-86283410	

E-mail: yfwang420@163.com


