
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Residual stress and microstructure effects on mechanical, tribological and
electrical properties of TiN coatings on 304 stainless steel

Yeting Xia, Yanyun Baia, Kewei Gaoa, Xiaolu Panga,⁎, Huisheng Yanga, Luchun Yana,
Alex A. Volinskyb

a School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, PR China
bDepartment of Mechanical Engineering, University of South Florida, Tampa, FL 33620, USA

A R T I C L E I N F O

Keywords:
Residual stress
Mechanical properties
Tribology
Electrical resistivity
Ceramic coatings
Mechanism

A B S T R A C T

Mechanical, tribological and electrical properties of TiN coatings on 304 stainless steel were investigated and the
effects of microstructure and residual stress on these properties were studied. Microstructure, surface roughness,
hardness and preferred orientation of the coatings were investigated by AFM, SEM, nanoindentation and XRD.
Residual stress of the coatings was designed and controlled in a relatively narrow range successfully using
negative bias voltage based on the film thickness effect on residual stress. Residual stress was investigated by
grazing-incidence X-ray diffraction using the optimized cos2α sin2ψ method. Friction behavior and wear char-
acteristics were evaluated using a tribometer. The results indicate a great influence of microstructure and re-
sidual stress on the properties and service behavior of TiN coatings. Based on the experimental findings, an
intermediate residual stress and proper microstructure are of vital importance to achieve better performance of
coatings during service.

1. Introduction

With the development of modern industry and manufacturing
technology, applications of brittle ceramic coatings are quite extensive.
These protective coatings are used as mechanical components, diffusion
barriers in microelectronics and decorative applications on various
products [1,2]. They are widely used mainly due to their high hardness,
low friction, high wear [3] and oxidation [4,5] resistance, as well as
adequate anti-corrosive properties [6]. In recent years, they have also
been introduced as metal gate and capacitor electrode materials be-
cause of low resistivity, relatively high process compatibility and good
thermal stability [7,8]. However, hard ceramic coatings operate in
harsh service environments. Failure problems prevent coatings from
device integration. Most common failures are cracking, delamination
and spalling [9–12]. Coating failures typically happen at high tem-
perature, humidity, speed friction, applied stress, or a combination
thereof. It is commonly accepted that the primary cause of these failures
is the coatings’ microstructure. As a consequence, many studies have
paid attention to the effects of microstructure on the properties of
coating material [13,14]. Meanwhile, some studies are focusing on the
residual stress affecting coating properties.

However, few studies have analyzed the properties of coating ma-
terials from the combined view point of microstructure and residual

stress. On the one hand, residual stress of magnetron sputtered coatings
is always related to the microstructure due to the physical vapor de-
position (PVD) process [15]. As mentioned above, the microstructure of
the material determines the performance and it is an inherent property
of the material. On the other hand, residual stress also has a great in-
fluence on the performance of PVD coatings [16–19].

The emphasis of this work is on mechanical, tribological, and
electrical properties of the TiN coatings with different residual stress
and the correlated mechanisms revealed from the aforementioned
combined point of view.

2. Materials and experimental techniques

2.1. Coating deposition

TiN coatings were deposited by reactive RF-pulsed magnetron
sputtering on polished SUS 304 stainless steel (304 SS) substrates. The
schematic diagram of the magnetron sputtering system is shown in
Fig. 1.

The substrates were cleaned in acetone for 5min in an ultrasonic
cleaner before deposition. Ar+ ion bombardment at 100W for 15min
was used to remove surface contamination and activate the sample's
surface. The purity of the Ti target was 99.99% and the base pressure
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was greater than 4.2×10−3 Pa. A sputtering power of 300W for the Ti
target was used. The substrate temperature during deposition was kept
at 300 °C, while the working pressure was kept at 3.2× 10−1 Pa. The
coatings underwent a natural cooling process to room temperature in a
vacuum chamber after deposition. The thickness of every coating was
acquired by a 3D white light interference optical microscope (Contour
GT-K, Bruker). The coating thickness was about 1.8 µm. The measure-
ment is presented in Fig. 2.

To investigate the effect of residual stress on tribological properties,

coatings with the same thickness but different residual stress were
prepared by applying various negative biases to the substrates. Since
the process parameters can influence the residual stress of the coatings,
a bias of 0 V, − 30 V, − 60 V, − 90 V, − 120 V and − 150 V (referred
as S1, S2, S3, S4, S5, S6, respectively) was applied during deposition in
this study.

2.2. Coating characterization

2.2.1. Crystal structure and morphology
Crystallographic structure of the coatings was identified by X-ray

diffractometry (SmartLab, Rigaku, Japan) with 40 kV and 150mA. The
wavelength of Cu Kα1 radiation was 1.5406 Å. A field emission scanning
electron microscope (FESEM, SUPRA 55, Zeiss) was used to observe the
surface morphology of the coatings and wear tracks after tribological
test.

2.2.2. Mechanical properties
The residual stress of the coatings was determined by grazing in-

cidence X-ray diffraction (GIXRD). The measurement is based on the
cos2 αsin2 ψ method, which has the same principle as the traditional
sin2ψ method. The biaxial residual stress of the coatings was de-
termined from the lattice spacing at several inclination angles and the
biaxial strain in cos2αsin2ψ method described in reference [20]. To
ensure accuracy, asymmetric diffraction geometry and parallel beam
optics were used [21]. Moreover, the advantages of the grazing in-
cidence diffraction geometry are limiting the beam penetration depth,
increasing the diffraction volume of the coatings and avoiding diffrac-
tion reflections from the substrate.

Nanoindentation with a Berkovich diamond tip (Hysitron TI 900,
USA) was used to evaluate the Young's modulus and hardness of the TiN
coatings. The indenter head was loaded at a constant rate of 200 μN/s,

Fig. 1. Schematic diagram of the magnetron sputtering system.

Fig. 2. Image of the coating step area and thickness profile of coating using white light interference.
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reaching the maximum load of 5mN. For every sample, five measure-
ments were made and the average value was calculated and reported to
ensure results repeatability. The indentation depth was within 10% of
the coating thickness to avoid the substrate effects [22].

2.2.3. Surface roughness and electrical resistivity
The electrical resistivity of the coatings was measured with the four-

point probe (ST2722-SZ, China). The surface roughness of the coatings
was determined by an atomic force microscope (AFM, Dimension Icon,
Bruker).

2.2.4. Tribology and wear resistance
A tribometer (UMT2, CETR, Bruker) was used to determine the

coefficient of friction (COF) of the coatings at room temperature. Wear
tests were carried out using Si3N4 balls. The applied load was 5 N. The
morphology of wear tracks and the corresponding wear volume were
determined by a 3D laser microscope (LEXT OLS4000, Olympus).

3. Results and discussion

3.1. Crystal structure

The crystal structure and grain size of the TiN coatings were de-
termined by grazing incidence X-ray diffraction. TiN coatings have face-
centered cubic (FCC) structure referenced to the standard sample
(JCPDS 38-1420). The three main diffraction peaks of TiN coatings are
shown in Fig. 3(a). There are peaks at 2Theta=37.1°, 42.9° and 62.4°,
which correspond to (111), (200), and (220) planes of TiN coatings,
respectively. As seen in Fig. 3(a), the preferred orientation is (200)
when the bias voltage is relatively low. When the bias voltage in-
creased, the preferred orientation switched from (200) to (111) and
(220), mainly favoring (111). Moreover, the relative texture coefficient
(RTC) was used to quantify the percentage of crystal planes with a
certain orientation. The calculation was based on the following equa-
tion [23,24]:

=
∑
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I I

I I
/

/
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m hkl hkl
( )

( ) 0( )
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1 ( ) 0( ) (1)

Here, Im(hkl) is the measured relative intensity of the (hkl) plane
diffraction reflection, I0(hkl) is the relative intensity from the same plane
in the standard reference sample (JCPDS 38–1420), and n is the total
number of the main reflection peaks from the coatings. It is derived
from the XRD spectra of the TiN coatings according to Eq. (1) and the
results are listed in Table 1.

Fig. 3(b) clearly shows that the preferred orientation of the coatings
evolved from (111) to (200) with respect to the bias voltage in a nearly
linear way. Without bias voltage, (111) was the predominant orienta-
tion with an RTC of 40.4%. (220) had an RTC of 32.1%, higher than
that of (200), whose RTC was 27.5%. When the bias voltage increased,
the RTC of (200) increased in a nearly linear way, while the other two
orientations decreased. When the bias voltage was − 30 V, the RTC of
(200) was 40.5%, making it the preferred orientation. Moreover, when
bias voltage absolute value was higher than − 120 V, the RTC of (200)
was beyond 60%, reaching 66.7% at − 150 V. The main reason un-
derlying such a preferred orientation transition is closely related to the
total system energy. It is believed that the system tends to minimize the
overall surface energy when new crystal islands are formed [25]. In our
previous study, the orientation of the TiN (200) plane was proven to
have the lowest surface energy [26]. The energy of the ion bombard-
ment increases with the bias voltage during deposition. Therefore, TiN
(200) with the lowest surface energy naturally becomes the dominant
orientation after the energy gets larger. Consequently, the preferred
orientation turns from TiN (111) to (200) to reduce both the surface
energy and the total system energy.

3.2. Residual stress

The residual stress in the TiN coatings was measured by GIXRD. TiN
(220) plane was chosen for the stress measurements in the 61–64°
2Theta range. The reason for the choice of TiN (220) should be pointed
out. In the conventional XRD sin2ψ method, high 2Theta diffraction
angles are more suitable to be selected for the coating stress measure-
ment because of their higher strain sensitivity. However, for highly
textured PVD coatings, the diffraction peaks corresponding to a rela-
tively large 2Theta angle range often have irregular shape and relatively
low peak intensity. Considering the size effect and relatively low dif-
fraction intensity of the coating materials, these shortcomings will lead

Fig. 3. (a) GIXRD spectra for TiN coatings deposited under different bias vol-
tage; (b) RTC evolution with bias voltage.

Table 1
The relative texture coefficient evolution with bias voltage of the three main
planes of the TiN coatings.

Bias voltage RTC(111) RTC(200) RTC(220)

-V % % %

0 40.4 27.5 32.1
30 30.5 40.5 29.0
60 25.9 50.2 23.9
90 22.3 56.4 21.3
120 19.9 60.4 19.7
150 15.7 66.7 17.6
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to an inaccuracy in the determination of the peak position and the
calculation of stress, thus making the stress results less reliable.
Actually, a moderate 2Theta angle range, usually 60°–90°, is more sui-
table for the coating stress measurement using the method of cos2αsin2ψ
using GIXRD. Besides, diffractions with too large 2Theta angle will
cause the value of cos2α to be too small, which affects the accuracy of
linear regression in subsequent data processing. Consequently, TiN
(220) are good in both peak shape and intensity while its 2Theta angle
is about 61.8°, making it the most suitable diffraction peak to be chosen
in this study. Moreover, eight inclination angles were used, ranging
from 0° to 45° (0°, 15°, 20°, 25°, 30°, 35°, 40° and 45°). Details con-
cerning residual stress measurements using X-ray diffraction can be
seen in our previous publication [21]. It is worth pointing out that re-
sidual stress of the coatings is designed and controlled in a relatively
narrow range using negative bias voltage according to the film thick-
ness effect on residual stress in our previous research [21]. The results
are listed in Table 2 and shown in Fig. 4. It can be seen that the residual
stress of the coatings deposited at 0 V, − 30 V and − 60 V are com-
pressive. The reason for this can be attributed to structure and defects
[27]. When the bias voltage is in a relatively low range, the decrease in
the absolute value of the residual stress is caused by the surface
roughness. The surface roughness of the coatings increased with less
negative bias voltage than − 60 V, as shown in Fig. 7. This is beneficial
to the generation of tensile stress, since rough surfaces are more likely
to induce in-plane contact between neighboring grain surfaces, which
relieves compressive stress to some extent [21].

When the bias voltage increased, a stress sign transition from
compressive to tensile can be seen. As for the coatings with the negative
bias voltage higher than − 60 V, the residual stress turns to tensile and
increases with more negative bias voltage. This is related to thermal
stress. As the bias voltage increases, the incident ions with higher en-
ergy hit the substrate surface, thus making the substrate temperature Ts
higher. Consequently, the ratio of Ts/Tm (Tm is the melting point of the
coating material) becomes higher. This leads to an increase in the

degree of mismatch between the coating and the substrate [28,29]. The
combination of these factors makes tensile residual stress greater.

3.3. Hardness and Young's modulus

The nanohardness and the Young's modulus of the coatings were
evaluated by nanoindentation. The Young's modulus measurement re-
sults were 314.18 GPa, 300.56 GPa, 311.81 GPa, 301.75 GPa,
308.63 GPa and 314.73 GPa, respectively. As a consequence, the
average value of the TiN coatings’ Young's modulus was 308.61 GPa,
which was used in this study.

The hardness results are shown in Table 2, and Fig. 5 illustrates the
hardness evolution with bias voltage. The maximum hardness attained
was 25.5 GPa at a bias voltage of − 60 V, decreasing to 20.7 GPa at
− 150 V. The coating hardness is affected by some competing factors,
such as microstructure, surface roughness, grain size, residual stress and
so on. Higher coating hardness can result if the coating has small grain
size, dense microstructure, or compressive residual stress [30–32]. In
Fig. 5, when the negative bias voltage is lower than − 30 V, the hard-
ness was relatively low because of the loose microstructure. At a bias
voltage of − 60 V, the hardness reached its maximum value of
25.5 GPa. This could be mainly attributed to the finer grain size, which
enhanced the possibility of the dislocation blocking and thus
strengthening the coatings, namely the Hall-Petch relationship [27].
When the negative bias voltage increased above − 90 V, the decrease in
coating hardness was mainly caused by the compressive-to-tensile stress
transition, as previously shown in Fig. 4.

3.4. Surface roughness and electrical resistivity

To further study the coating morphology, AFM was employed and
the coatings’ surface topography was acquired in the scanned area of
3× 3 µm2. The results are listed in Table 2. Fig. 6 clearly shows that for
the 0 V and − 30 V coatings, the surfaces were relatively smooth and
had small grain size. As the negative bias voltage increased to − 60 V,
many hill-like shapes were observed, with irregular patterns on the

Table 2
Mechanical, tribological and electrical properties of the TiN coatings deposited under different bias voltage.

Sample number Bias voltage Residual stress Surface Roughness Electrical resistivity Hardness COF Wear Volume
-V σ , GPa Ra, nm p, 10−7 Ωm H, GPa - μm2 mm

S1 0 −0.342 3.7 3.95 20.1 0.56 2545
S2 30 −0.166 4.3 4.02 20.8 0.57 2439
S3 60 −0.059 8.7 11.36 25.5 0.49 2126
S4 90 0.165 8.2 7.05 21.5 0.59 1201
S5 120 0.227 6.1 2.18 20.9 0.69 1729
S6 150 0.211 4.3 2.56 20.7 0.56 1956

Fig. 4. Residual stress sign transition with the bias voltage applied to the
substrate.

Fig. 5. The hardness evolution with bias voltage.
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coating surface. Moreover, a sudden increase in surface roughness was
observed, reaching its maximum at − 60 V. The reason lies in the en-
hanced diffusion and accumulation effect with the increased negative
bias [27]. As the negative bias voltage continues to increase, smoother
surfaces and smaller grain sizes appear again due to bias-enhanced ion

bombardment and high ionization [33]. When the negative bias voltage
increases above − 120 V, the excessive energy is dissipated as heat on
the coating's growing surface due to the ion bombardment. This will
melt and flatten the coating surface [33], which results in a decrease in
surface roughness, as seen in Fig. 7.

The electrical properties can be affected by residual stress, as is
proven by Izumi and Huang [34,35]. The four-point probe is routine for
electrical resistivity measurement [36,37], and was used in this study.
The results are listed in Table 2 and shown in Fig. 7. According to the
Matthiessen's rule [36], the electrical resistivity of the coating can be
written as:

= + + +p p p p pa i g s (2)

Here, pa is the resistivity of the bulk material determined by che-
mical composition and phase, while pi, pg, and ps is the resistivity caused
by the impurities, grain boundaries and surface roughness, respectively.
In this study, all coatings were prepared with the variation in negative
bias, while other parameters were kept constant. Consequently, the
composition, phase and impurities of the coatings should be the same.
As for the grain boundaries, TiN coatings (S1-S6) should not be too
different from one another because each coating had the same thick-
ness. Thus, the major contributing factor for electrical resistivity should
be surface roughness. As seen in Fig. 7, the electrical resistivity of the
coatings increased from S1 to S3 and then decreased from S3 to S6. This
is consistent with the surface roughness evolution.

Fig. 6. AFM surface topography of TiN coatings deposited at different bias: (a) 0 V; (b) − 30 V; (c) − 60 V; (d) − 90 V; (e) − 120 V and (f) − 150 V.

Fig. 7. Electrical resistivity and surface roughness dependence on the substrate
bias.
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3.5. Friction behavior and wear characteristics

Fig. 8 illustrates the coefficient of friction (COF) evolution during
tribological tests for all TiN coatings. The steady-state COF values of all
coatings are listed in Table 2. According to the COF evolution, the
coating failure process can be divided into three stages:

(1) Accumulating stage. In this stage, the friction is not severe because
of the relatively low COF of the coatings. The coatings remain intact
during this stage.

(2) Damaging stage. The friction increased severely. Coating failure
mainly occurred in this stage. The rising time of the COF before it
reaches a steady value represents the transition from intact to
fracture. The duration of the fracture process reflects the wear re-
sistance of the coatings.

(3) Steady-state stage. This stage is determined by the failure me-
chanism, which can be explained by the experimental evidence of
the wear track morphology.

As seen in Fig. 8, coating S1 (0 V), S2 (−30 V), S4 (−90 V) and S6
(−150 V) reached a maximum COF value of 0.55–0.6. Coating S4
(−90 V) and S5 (−120 V) showed the longest and second longest
transition time, indicating good performance in friction. As a whole,
coating S4 (−90 V) behaved the best due to its average COF and long
transition time.

Typical appearances of wear tracks after the steady-state friction are
shown in Fig. 9. Obviously, the morphology of the coating samples
shows variations. Sorted by increasing severity of the wear damage,
according to Fig. 9, the order is S4 ＜ S5 ＜ S6 ＜ (c) S3 ＜ S2 ＜ S1. In
Fig. 9(d) and (e), only slight worn furrows and a small amount of debris
can be found in coatings S4 and S5. As the wear damage severity in-
creases, worn furrows become deeper and the amount of debris in-
creases significantly in coatings S3 and S6, as seen in Fig. 9(c) and (f).
Moreover, the coating spalling can be found close to the edge of the
wear track. In Fig. 9(a) and (b), the wear damage was most severe.
Worn furrows are quite deep and there is much debris with irregular
shapes and nonhomogeneous size. Meanwhile, cracks, spalling and
even fracture of coatings S1 and S2 can be seen along the wear tracks.
The coating has been worn out in certain places on the surface and the
substrate material was exposed, showing the severity of the wear.

To characterize the wear behavior of TiN coatings quantitatively, a
3D microscope was used to obtain the wear volume of the wear tracks.
The middle zone of every wear track with the same length was selected
to calculate wear. The results are listed in Table 2 and Fig. 10. Coating
S1 exhibited poor wear resistance, while S4 exhibited the best re-
sistance. Although coatings S5 and S6 had smoother surfaces compared
with S4, they showed larger wear volume than S4, since tensile stress is
not conducive to optimizing friction and wear properties. It is

Fig. 8. The coefficient of friction of the TiN coatings.

Fig. 9. Wear track morphology of the TiN coatings: (a) S1 (0 V); (b) S2
(−30 V); (c) S3 (−60 V); (d) S4 (−90 V); (e) S5 (−120 V) and (f) S6 (−150 V).
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interesting to note that the best wear resistant coating, S4, had a rela-
tively high surface roughness and large grain size, as seen in Figs. 6 and
7. Commonly, these features do not lead to good wear resistance. This
resistance is conferred to S4 by the formation of the plastic deformation
of the debris inside the track, also known as a tribofilm [37]. Tribofilms
will hinder further abrasion of the coating. Consequently, they can
lower the wear rate and prevent coating failures by inhibiting crack
nucleation and propagation [27,38].

4. Conclusions

In this work, microstructure and residual stress of TiN brittle
ceramic coatings were investigated. Residual stress of the coatings is
designed and successfully controlled in a relatively narrow range using
negative bias voltage according to the film thickness effect on residual
stress. The effects of microstructure and residual stress on mechanical,
tribological and electrical properties of the coatings were revealed and
the correlated mechanisms were analyzed. The main conclusion are as
follows:

1. The preferred orientation of the TiN coating changes from (111) to
(200) with the bias voltage and residual stress in a linear way. The
process is controlled by the system energy minimization mechanism.

2. Residual stress of the coatings shows a stress sign transition from
compressive to tensile with negative bias voltage. The critical bias is
about − 60 V and it is related to coating structure, flaws and
thermal stress at different stages.

3. The hardness of the coatings exhibits a maximum value of 25.5 GPa
in coating S3. Grain size, dense microstructure and the residual
stress sign are responsible for the phenomenon.

4. Surface roughness of the coatings increases first and then decreases
with the negative substrate bias. The reason lies in how excessive
energy is diffused. The electrical resistivity evolution shows a si-
milar tendency with surface roughness, which is the decisive factor.

5. From the friction and wear tests, coupled with the wear volume
results from the 3D microscopy, the S4 coating shows the best
performance among all coatings. The tribofilm, which is the for-
mation of plastic deformation of the debris inside the track, prevents
coating failures by inhibiting crack nucleation and propagation.

In summary, it is reasonable to use the combined view of micro-
structure and residual stress to study the influence of inherent proper-
ties on service behavior of brittle ceramic TiN coatings. Moreover, an
intermediate residual stress and proper microstructure design are of
vital importance to achieve better performance during service. These
findings are instructive for the design, preparation and practical use of
brittle ceramic coating materials in the future.
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