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Abstract The elastic theory of indentation on nitride

films/steel systems showed distribution of stresses

(shear stress, radial stress and circumferential stress)

near the interface and in the film. The difference in

values for each stress along the distance to the load

center increased with increasing Poisson’s ratios of

steels. The shear stresses (rrz) had the maximum value

at a distance to the load center and the difference

became more significant with increasing Poisson’s

ratios of steel substrates (from 0.2–0.3 of Poisson’s

ratio for high-speed steels to 0.3–0.35 for stainless

steels), which accounted for the large amount of cracks

inside the indent cavity of nitride films/stainless steel in

spite of the smoothness outside the cavity. The

calculation of rr and rz showed that the differences

in nitride films/steel stress increased with increasing

Poisson’s ratios of steels, which also facilitated the

formation of ring cracks in the film of nitride films/

stainless steel composite. Indentation examination

revealed the large amount of cracks inside the indent

cavity of nitride film/stainless steel but smooth surface

outside the cavity. These were formed under the high

sinusoidal shear stress and circumferential radial stress

due to the higher Poisson’s ratio of stainless steel and

the plastic deformation due to the lower yield stress of

stainless steel (SS), which induced more local residual

stresses, whereas some cracks or spalling observed

around the cavity and no cracks inside the cavity were

attributed to the edge effect when the conical indenter

strained the surface downward for nitride film/high-

speed steel (HSS) system.

Introduction

The performance and reliability of hard film on tool

material are often limited by its mechanical integrity

and its adhesion to the substrate. The adhesion is

related to the interfacial strength between the film and

substrate which is controlled by some important

parameters such as the film/substrate mismatch, the

flaw distribution in the film and at the film/substrate

interface, the residual stress in the film and the

imposed stress. The indentation technique, used early

to measure the indentation fracture of ceramics [1–4]

and interfacial shear strength of the ceramic–ceramic

interface [5–9], is becoming a common method for

evaluating the interfacial mechanical properties of

hard film–hard substrate and adhesion properties of

hard film/tool steel due to its ease of operation and

analysis [10–12].

The elastic theory of indentation on ceramics

showed the distribution of stresses [1, 2]. The inden-

tation crack initiation and propagation, relationship

between indentation damage, residual stresses and

mechanical properties such as hardness, toughness

were described by elastic/plastic fields [3, 4]. The

hardness, stresses, crack evolutions and adhesion of
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coatings on brittle substrate were analyzed using on

elastic/fracture mechanics coupled with indentation

examinations.

The effect of plasticity of the metal substrate and the

edge effect on the interfacial strength of ceramic/metal

system were studied by Evans et al. [13–16]. They

demonstrated that metal plasticity can be either ben-

eficial due to the plastic blunting of interfacial cracks or

detrimental due to the residual stresses created around

cracks in the ceramic film and the stress concentration

at the edge. The shear strengths of ceramic/metal

interface were also described with the same model.

Quantitative relationship between the crack density

and the elastic and plastic parameters, together with

experimental observations of interface cracks was

conducted by Agrawal [17, 18]. However, the indenta-

tion technique for hard films/substrate was expected to

work well only when the shear strength of interface is

less than the yield strength of the matrix. The evalu-

ations of indentation for hard film/steel systems in this

study were carried out by examining the surface and

cross-section indentation fracture patterns with differ-

ent steel substrates combined with elastic analysis and

elastic/plastic model previously described.

Experimental

The depositions of titanium nitride films were carried

out with a DC magnetron reactive sputtering system.

Before deposition, all specimens were mechanically

polished down to 1,000 grade emery paper and

ultrasonically cleaned with alcohol and acetone for

15 min each.

The discharge power was 220 watts and substrate

temperature was kept at 300 �C. The argon and

nitrogen flow rate during the deposition were 28 sccm

and 3.1 sccm, respectively, with a specific ratio of 9.3.

The working pressure of the chamber was kept at

0.8 Pa. Pre-sputtering of 15 min was normally per-

formed by plasma to clean the target surface while pre-

sputtering of 5 min was taken for comparison. The

deposition time was 1 h for growing films to about

2 lm thick, with the first 5 min for growing the metallic

Ti interlayer.

Pure titanium (99.99% purity) was used as sputter-

ing targets for deposition. The nitride films of TiN were

deposited on AISI M2 high-speed steels (HSS) which

were quenched and tempered to a hardness of HV 780

(HRC63). Some nitride films were deposited on type

304 stainless steels (SS) for comparison. The a-step

method and X-ray diffraction were used to determine

the thickness and phases of TiN films.

Indentation method was used to investigate the

adhesion properties of coatings in this study. Prior to

the experiments, theoretical analysis of stress distribu-

tion and stress–strain relationship were established by

the elastic theory. Indentation tests for nitride film-

coated steels were conducted with a Rockwell Hard-

ness Tester using a conical diamond indentor and a

150 kg loading force. Optical microscope (OM) and

scanning electron microscope (SEM) were used to

examine the indented patterns of the top view and

cross-section.

Results

Elastic analysis of indentation for nitride/steel

systems

The stress distribution of steel coated with hard film by

indentation is shown as an elastic half-space subjected

to a normal point load P, as seen in Fig. 1. The elastic

solutions are:
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Fig. 1 Coordinate system and stress components for indentation
testing
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where k and l are Lame constants. Z is the depth from

the surface. From Fig. 1, the following equations are

apparent:

R2 ¼ Z2 þ q2 ð6Þ

Z ¼ R cos / ð7Þ

q ¼ R sin / ð8Þ

For the nitride film/steel substrate systems in this

study, the boundary conditions are defined as follows:

(1) Z = t, w1 = w2

(2) Z = t, rz1 = rz2

(3) Z = 0, srz = 0

(4) Z = 0, result force = F

where t is the thickness of the film and w is the

displacement. The symbol 1 denotes the substrate

while 2 indicates the film. For Z = 0, srz = 0 on the free

surface, B1 is calculated to be

B1 ¼
�A1l1

k1 þ l1

ð9Þ

Since the total force F on the surface is

F ¼ 4pl1A1ðk1 þ 2l1Þ
k1 þ l1

þ 4pl1B1 ð10Þ

A1, B2 can be solved to be

A1 ¼
F

4pl1

;1¼
�F

4pðk1 þ l1Þ
ð11Þ

Similarly, from Z = t, rz1 = rz2, A2, B2, K1 and K2, can

be solved to be

A2 ¼ Fðkþ l2Þfk1½R2l2 þ t2ð3l1 þ l2Þ þ l1½2R2l2

þ t2ð3l1 þ l2Þ�g=½4pl1ðk1 þ l1Þl2ðk2R2 þ 4k2t2

þ 2R2l2 þ 4t2l2Þ� ð12Þ

B2 ¼
FR6ðk2 þ l2ÞðK1 �K2Þ

4ptðk2R2 þ 4k2t2 þ 2R2l2 þ 4t2l2Þ
ð13Þ

K1 ¼
� t2 þ R2ðk1þ2l1Þ

k1þl1

h i
�3t3

R5 þ tl2

R3ðk2þl2Þ

h i
R3l2

ð14Þ

K2 ¼
�3t3 t2 þ R2ðk2þ3l2Þ

k2þl2

h i
R3l2

ð15Þ

In the case of the nitride/steel systems, the elastic

analysis results of the radial and circumferential

stresses (rr, rh) in the film and the shear stresses at

the interface (srz) are shown in Fig. 2a–c. Figure 2a and

b are the distribution of rr and rh, respectively, at the

interface as a function of u with different Poisson’s

ratios of substrates. Figure 2c is the sinusoidal shear

stress at the interface with different Poisson’s ratios of

substrates. The stress distribution curves from the film

surface to interface are shown in Fig. 3a–c, which show

clearly that maximum stresses are reached at the

interface. Furthermore, the different indentation prop-

erties between nitride/HSS and nitride/SS specimens

may be correlated with elastic/plastic analysis of

indention test. The tensile fracture patterns of the

nitride/SS and nitride/HSS on the surfaces of tensile-

tested specimens are shown in Fig. 4a, b. The different

spacing of the almost parallel cracks normal to the

stress may be used to evaluate the shear stresses at the

interface for each bonding system by the following

equation [18]:

smax ¼
kdrf

kmax
ð16Þ

where d, kmax and k are, respectively, the thickness of

the film, the maximum crack spacing in the region of

constant crack density, and a proportional constant

which varies from 2 to 6. The value of rf was calculated

from

rf ¼ Eef ð17Þ

where e f is the fracture strain which can be determined

by the calibrated curve of crack density.
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Indentation fracture patterns

The indentation tests using a 150 kg load in a Rockwell

Hardness Tester with a conical diamond indenter

generally show fracture patterns as radial cracks and

spalling in the area outside the indented contact

cavities, which are measured by SEM. For a nitride/

HSS system, either no cracks or only a small amount of

short radial cracks are observed, as in Fig. 5a, indicat-

ing good nitride/HSS bonding or many lateral cracks

and spallings are observed, as in Fig. 5b, indicating

nitride/HSS poor bonding. However, although the top

view in Fig. 5c shows no cracks, the cross-section view

in Fig. 6a of nitride/SS system shows significant amount

of ring cracks, lateral cracks and even some spalling

inside the cavity. The cross-section view of nitride/HSS

in Fig. 6b, shows a much smoother surface than those

of nitride/SS due to the harder substrate. Furthermore,

there are fewer cracks or spalling inside the cavity

although the deformation of columnar nitride film is

apparent on the inclined cavity surface as in Fig. 6c.

The X-ray diffraction (XRD) results of TiN coating as

shown in Fig. 7 indicate the TiN phases with the main

diffraction peaks of (111) and (200) orientation which

agree with other studies [19–21].

Discussion

Elastic analysis

The distributions of radial (rr), circumferential (r h)

and shear (srz) stresses with horizontal and vertical

distances from the loading center are analyzed by the

elastic theory. In Fig. 1, r z is designated as positive in

the downward direction. The maximum variations in rr

and rh between coating and substrate occur at the

loading center, especially for substrate of larger

Fig. 2 (a) Variation in rr at the film/substrate interface as a function of w. (b) Variation in rh at the film/substrate interface as a
function of w. (c) Variation in rrz at the film/substrate interface as a function of w
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Poisson’s ratio, as shown in Fig. 2a–c. The sinusoidal

distribution in srz in Fig. 2c shows the largest differ-

ences between peak values in all stress (rr, rh, rz, srz),

which plays an important role in bonding properties.

The SEM or OM studies of indentation fracture of

nitride/HSS and of nitride/SS system initially appear to

be consistent with the elastic analysis. For fracture

patterns next to the contact area, neither cracks nor

spalling may be found for all nitride/SS as seen in

Fig. 5c while there are some tiny radial cracks (Fig. 5a)

for good bonding state and spalling (Fig. 5b) for poor

bonding state in nitride/HSS. The cross-section views

of indentation patterns show even more clearly the

differences between these two systems. Inside the

contact area, ring cracks, lateral cracks and spalling

occur apparently in most nitride/SS specimens shown

in Fig. 6a, whereas a much smoother indent surface

without marked cracks occurs in nitride/HSS shown in

Fig. 6b. The preceding elastic analysis can help explain

these differences in indentation patterns. Among the

stresses, the shear stress (srz = rrz) at the interface is

expected to be the most important factor. Figure 2c

shows that shear stress is symmetrical. The maximum

stress is located at a distance to the load center (origin

of coordinate) and the difference between the positive

and negative maximum shear stresses becomes more

significant with increasing Poisson’s ratios (m = 0.3~
0.35 for SS [22]).The larger amount of cracks inside the

indent cavity of nitride/SS appear to be consistent with

the elastic calculations. Furthermore, calculation of rr

and rh (Fig. 2a, b) show that the differences in coating

and substrate stress increase with increasing Poisson’s

ratios of the substrates, which facilitate the formation

of ring cracks in the film surface in nitride/SS system.

Elastic/plastic analysis

The elastic analysis of stresses distribution cannot be

all satisfactory, and it is reasonable to take the analysis

a step further by taking into account the plastic

deformation. In tensile test, as the steel is plastically

stretched, the transverse cracks develop on the hard

Fig. 3 (a) Variation in rr in the film along the depth. (b) Variation in rh in the film along the depth. (c) Variation in rrz in the film along
the depth
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film as schematically explained by Agrawal [17]. The

bonding differences between nitride/SS (ry = 430 MPa,

m = 0.3~0.35 for SS [22]) and nitride/HSS (ry = 820 M-

Pa, m = 0.2~0.23 for HSS [22]) can be distinguished by

examining the tensile cracks on nitride films. Further-

more, the maximum shear stresses (smax), induced at

the interface during tensile test, are evaluated by

measuring crack spacings in the film and Eqs. 16 and

17, showing that the smax for TiN/HSS and TiN/SS are

1.61 MPa and 0.83 MPa, respectively (where k (l), ef

(%), rf (GPa), k and d(l) are 11.2, 0.72, 2.88, p, 2 and

15.6, 0.55, 2.2, p, 2 for TiN/HSS and TiN/SS, respec-

tively). The result indicates that the interfacial bonding

strength for TiN/HSS is higher than that for TiN/SS by

the elastic/plastic model of Agrawal.

Stress concentration effect

The effect of stress concentration on the bonding

quality in ceramic/metal system is rarely examined.

Fig. 5 (a) Indentation pattern of TiN/HSS with 220 watt power
input, 15 min pre-sputtering and 150 kg indentation load. (b)
Indentation pattern of TiN/HSS with 220 watt power input,
5 min pre-sputtering and 150 kg indentation load. (c) Indenta-
tion pattern of TiN/SS with 220 watt power input, 15 min pre-
sputtering and 150 kg indentation load

Fig. 4 (a) Fracture patterns of the film of TiN/SS after tensile
test. (b) Fracture patterns of the film of TiN/HSS after tensile
test
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The difference in indentation fracture behavior

between nitride/HSS and nitride/SS may be further

explained by an additional parameter of stress con-

centration which is created at the edge, flaw tip and

interface by the induced elastic stress and local

residual stress by indention and uniform residual

stress by the deposition process [23]. Compared with

that of nitride/HSS system, the substrate of nitride/SS

possesses higher Poisson’s ratio and lower yield

strength, and the larger plastic strain may cause the

extension of ring cracks and lateral cracks and may

introduce the stress concentration as the cracks

approach the interface [24]. Figure 3a–c show that

the stresses increase toward the interface during

indenting, and the increase becomes larger with

higher Poisson’s ratio, thus causing more cracks and

spallings. The effect of metallic plasticity on the

growth of cracks from a flaw located in the ceramic

adjacent to the interface can be analyzed combined

with the theory of Evans [13]. It showed that the

stress concentration increased as the flaw approaches

the interface or the ry of the metal decreased.

Substrate having low yield strength would inhibit

decohesion by blunting film cracks at the interface

[14]; however, the hard films on softer metal thus

tended to fragment with remaining attached to the

substrate. The shear lag approach provided a solution

to the problem of fragmentation of adherent brittle

films on a ductile substrate. The analysis indicated

that spacing between fragments increased in direct

proportion with the film thickness and increased in

inverse proportion with the substrate yield stresses

[15]. The critical forces for onset of plastic deforma-

tion of metal substrate and for coating fracture were

also evaluated by finite element method (FEM) [16],

it was found that high substrate yield strength and

Fig. 6 (a) SEM image of the cross-section of indentation pattern
of TiN/SS with 220 watt power input, 15 min pre-sputtering and
150 kg indentation load. (b) SEM image of the cross-section of
indentation pattern of TiN/HSS with 220 watt power input,
15 min pre-sputtering and 150 kg indentation load. (c) SEM
image of the cross-section of indentation pattern of TiN/HSS
with 220 watt power, 15 min pre-sputtering and 150 kg indenta-
tion load, showing the strained (inclined) columnar structure

Fig. 7 XRD results for identifying the phases of TiN on steels

123

J Mater Sci (2007) 42:2745–2752 2751



lower Poisson’s ratio help to achieve critical loads.

From these results, it appears reasonable that the ring

cracks, lateral cracks, and spallings inside the in-

dented cavity of nitride/SS come from the larger

sinusioidal shear stress due to the higher Poisson’s

ratio of SS and the plastic deformation due to the

lower yield stress of SS which induces more local

residual stress.

For the nitride/HSS system with much less plastic

deformation, some cracks or spalling observed around

the cavity come from the edge (bending) effect when

the conical indenter strains the surface downward [24,

25]. The accumulated strain energy is not released

gradually with cracking or spalling inside the cavity as

the nitride/SS system, but is released only by the

cracking or spalling around the cavity due to edge

(bending) effects. The median radian cracks and lateral

cracks also develop due to poor adherence of coating

and are affected by the geometry of the indenter [9,

10]. It is expected that the stress concentration at the

edge of cavity increases with decreasing radius.

Accordingly, the edge effect becomes the dominant

mode of failure in hard film/HSS system during

indentation.

Conclusions

Different indentation fracture modes are observed

between nitride/HSS and nitride/SS. The cracks or

spalling or fragments appear next to the indentation

contact area for nitride/HSS, but are found inside the

indentation cavity for nitride/SS. The values of rr, r h,

rrz at the interface of nitride/SS are larger than those of

nitride/HSS by elasticity analysis due to the larger

stress concentration and residual stress in the nitride

films next to the interface and the lower yield stress of

substrate (SS). It is found that the major cause of the

indentation fracture of nitride/SS is attributed to the

Poisson’s ratio effect, while that of nitride/HSS is due

to the edge (bending) effect.
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