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The influence of TiN coating thickness on the rolling contact fatigue (RCF) behavior of austempered
ductile iron (ADI) was investigated. Coatings were applied in an industrial PVD reactor using processing
parameters specifically selected for ADI. Deposition times were adjusted to obtain nominal thicknesses of
0.7, 1.4 and 2.1 mm. RCF tests were performed in a flat washer type testing rig under a lubricated contact.
The maximum Hertz contact pressure was 1400 MPa. RCF data were analyzed using the two-parameter
Weibull distribution. The rolling track of the tested samples was examined by using SEM. As coating
thickness increases, within the analyzed range, the arithmetic average roughness of the coated samples
increases slightly while the bearing area decreases more significantly. The elastic modulus and residual
stresses of the coatings also increase with thickness, but the coating hardness and the adhesion strength
does not. Finally, the RCF resistance of the coated samples decreases as thickness increases. A coating
thickness of about 0.7 mm enhances the RCF resistance of ADI substrates while thicker coatings worsen it.
Failures in samples with a coating thickness of about 0.7 mm occurred exclusively by substrate spalling,
while failures in samples with thicker coatings were mainly produced by coating delamination.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

During the last decades there have been important advances
in the study of the mechanical properties and corrosion resis-
tance of austempered ductile iron (ADI) coated with hard
coatings by physical vapor deposition (PVD) [1–6]. However, the
bibliographic data referred to the wear behavior of PVD coated
ADI are very scarce. One of them is the work of Hsu et al. [7]
who studied the abrasive and erosive behavior of ADI samples
coated with electroless nickel (EN) and PVD-CrTiAlN coatings,
finding that the duplex coatings using EN as an interlayer reduce
the friction coefficient of ADI and provide a performance against
erosive wear better than that of the monolithic EN or CrTiAlN
coatings.

More recently, Colombo et al. [8,9] studied the rolling contact
fatigue (RCF) and sliding wear behaviors of PVD TiN and CrN
coated ADI (about 2.5 mm thick). In addition, the influence of the
substrate surface finishing method (polishing and grinding) was
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also evaluated. With respect to the sliding wear behavior, it was
found that the application of both coatings materials reduces to
almost zero the wear rate of ADI regardless of the substrate
finishing method, while only the application of CrN reduces the
friction coefficient of ADI. Regarding the RCF behavior in tests
conducted at a maximum Hertz contact pressure, p0¼1400 MPa,
the uncoated ADI performed better than the coated variants
while the use of grinding as a substrate finishing method always
turned out in longer lives than polishing. Failures observed in
coated ADI occurred primarily by coating fracture and delami-
nation promoted by the graphite nodules at the substrate
surface.

Studies conducted by other authors related to the RCF behavior
of steels coated with different materials by PVD indicate that the
coating thickness has a significant influence on the wear resistance
[10–21]. For p0o1100 MPa, the RCF life of steel samples is
enhanced by applying coatings of up to 2 mm thick, while for
higher contact pressures the coating thickness should be lower
than 1 mm in order to be effective.

Thus, taking into account the aforementioned background,
this work studies the influence of the TiN coating thickness
on the RCF behavior of ADI with the aim of improving its wear
resistance.
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2. Experimental procedures

2.1. Substrate material and samples preparation

The experimental ductile iron used in this work was poured
into horizontal gating system sand moulds designed to obtain
70 mm in diameter and 10 mm in thickness discs. The chemical
composition of the iron in wt%, analyzed by an optical emission
spectrometer, was 3.35% C; 2.87% Si; 0.13% Mn; 0.015% S; 0.032% P;
0.043% Mg; 0.76% Cu; 0.57% Ni and Fe balanced. The nodule count
of the discs was about 500 nod/mm2, with an average nodule
diameter of 30 mm. Nodularity exceeded 90% in all cases according
to the ASTM A247 standard. The discs were cut from the castings
and machined to a final size of 65 mm in diameter and about
8 mm in thickness. According to a previous study [8], an aus-
tempering temperature of 280 °C was adopted in order to obtain a
high resistance ADI. The heat treatment consisted in: (1) austeni-
tising at 910 °C for 120 min, (2) austempering in a salt bath at
280 °C for 90 min, and (3) air cooling to room temperature,
obtaining an average Brinell Hardness of 420 HBW2.5/187.5. After
the austempering treatment, the samples were ground on a
horizontal-spindle (peripheral) surface grinder using industrial-
use cutting conditions. Three roughing passes and one finishing
pass were performed on each sample in order to attain a low
surface roughness.

2.2. PVD coating process

All the substrates were thoroughly degreased, ultrasonically
cleaned, rinsed with alcohol and dried with warm air prior to
coating deposition. TiN coatings were applied by arc ion plating
(AIP) using an industrial reactor and processing parameters spe-
cifically selected for ADI. Inside the reactor, and prior to deposi-
tion, a bombardment of the substrates with energetic Ti ions was
carried out to clean the surface and ensure a good adhesion of the
coatings. Table 1 lists the main process parameters utilized. The
deposition times were adjusted to obtain three different nominal
thicknesses: 0.7 mm (30 min), 1.4 mm (60 min) and 2.1 mm
(150 min). The coated samples were identified as “ADI-TiN 0.7”,
“ADI-TiN 1.4” and “ADI-TiN 2.1”, respectively.

2.3. Substrates and coatings characterization

Optical microscopy was utilized to identify the microstructure
of ADI substrates before and after coating deposition. X-ray dif-
fraction (XRD) was used for phase identification and quantification
and for residual stress measurements. A Phillips XPERT-PRO dif-
fractometer was employed with Cu Kα radiation (λ¼1.54187 Å).
XRD patterns for phase identification and quantification were
recorded in a 2θ range from 30° to 90° in steps of 0.02° and with a
counting time of 1 second per step. Residual stress measurements
were conducted using the sin2ψmethod, with the assumption of a
biaxial stress state. Fe-α (222) and TiN (422) reflections were used
to measure the strains in the uncoated and coated samples,
respectively. The 2θ angle ranged from 120° to 132° for TiN and
from 134° to 140° for Fe-α, with a 2θ step of 0.05° and a collection
time of 5 s per step. A stylus profilometer (Taylor Hobson Surtronic
Table 1
Deposition parameters of TiN coatings.

Substrate-target distance (mm) 200
Substrate BIAS voltage (V) �175
Arc current (A) 60
Chamber pressure (Pa) 2
Substrate temperature (°C) 300
3þ) with a 4 mm evaluation length (cut off, 0.8 μm) was used to
measure the arithmetic average roughness (Ra) and the skewness
(Rsk) of the uncoated and coated samples. The skewness quantifies
the symmetry of the profile about the mean line. A positive
skewness is related to a roughness profile with high peaks or
shallow valleys while a negative skewness is related to a profile
with deep valleys or low peaks. Consequently, a more negative
skewness can be associated with a larger bearing area, and vice
versa. SEM (JEOL JSM-6460LV) was employed to determine the
thickness of the coatings on fractured samples. A microindentation
tester equipped with a Knoop indenter was used to measure the
surface hardness (15 g load) of the uncoated samples. Instru-
mented indentation was utilized to measure the hardness and
elastic modulus of the coatings. A Hysitron TI 900 Triboindenter
device equipped with a Berkovich indenter was employed.
Indentations were performed under applied loads of 5.8, 15 and
29 mN for coating thicknesses of 0.7, 1.4 and 2.1 mm, respectively.
These loads fulfilled the 1/10th requirement, i.e., the specimen
thickness was at least 10 times greater than the indentation depth.
A TiN Poisson's ratio of 0.25 was assumed to calculate the elastic
modulus [22]. For comparison, the surface (Knoop) hardness of the
coated samples was also measured using a 15 g load. A universal
hardness tester was employed to evaluate the coating adhesion
strength by means of the Rockwell-C adhesion test (150 kg load,
VDI 3198 standard) [23].

2.4. Rolling contact fatigue tests

RCF tests were performed in a flat washer type testing rig
under a lubricated contact, as schematized in Fig. 1. A commercial
SKF 51107 thrust ball bearing was used as a counterpart. This
bearing has 21 balls made of SAE 52100 steel with 6 mm in dia-
meter and a rolling diameter of 44 mm. The rotational speed of the
samples was set at 1650 rpm, determining a loading frequency of
1.04�106 cycles/hour. Lubrication was achieved by immersion of
the system in an oil bath with magnetic filtration. A commercial
Shell Tellus 100 hydraulic oil was used as lubricant. This oil has a
kinematic viscosity of 100 cSt at 40 °C and a density of 0.891 kg/l
at 15 °C. The p0 value was set at 1400 MPa following the results of
a previous work [8]. The required normal loads were calculated
according to the elastic Hertz theory, taking into account that
plastic deformations produced on the samples are negligible [8].
For the uncoated samples, the normal load turned out to be 260 N.
According to a previous research [8], this value is also the required
for the coated samples.
Fig. 1. Schematic view of the flat washer RCF testing rig.
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The test conditions produced a minimum oil film thickness,
h0¼0.31 μm, as calculated by using the Hamrock and Dowson
equation [24]. The specific oil film thickness parameter (λ) of the
uncoated and coated samples ranged from 1.23 to 1.62, resulting in
a mixed lubrication regime where the surfaces are separated by a
thin lubricant film but asperity contact also takes place.

Six RCF tests were carried out for each material variant. The
samples were loaded until a macroscopic fatigue failure was pro-
duced on their surface. The life to failure of the samples was
measured by an hour meter and converted into loading cycles.
Fatigue tests results were analyzed using the two-parameter
Weibull distribution. When a test exceeded 100 h without fail-
ures, the machine was stopped resulting in a suspended datum
that was also taken into account for the analysis. Finally, the
rolling track (RT) of the samples was examined by SEM.
3. Results and discussion

3.1. Substrate and coatings characteristics

Fig. 2 contrasts the microstructure of ADI close to the substrate
surface before and after the 150 min coating deposition. It can be
seen that the microstructure of the coated substrate is analogous
to the uncoated one; both composed of acicular ferrite and
retained austenite of high carbon content besides graphite
nodules. Additionally, the amount of retained austenite and the
surface hardness in the substrates was maintained close to 19 vol%
and 710 HK0.015, respectively, before and after coating depositions.
Therefore, it can be said that the coatings processes did not
deteriorate the microstructure of ADI substrates.

The diffraction patterns of the uncoated and coated samples are
illustrated in Fig. 3. According to the characteristic microstructure
of ADI, the patterns of the uncoated samples show the main dif-
fraction peaks of ferrite (Fe-α) and austenite (Fe-γ) phases. The
patterns of the coated samples revealed the main diffraction peaks
Fig. 2. Microstructure of ADI: (a) before deposition, (b) after a coating deposition of
150 min.

Fig. 3. DRX patterns of uncoated and coated samples: (a) ADI-TiN 0.7, (b) ADI-TiN
1.4, and (c) ADI-TiN 2.1.
of TiN, which correspond to the (111), (220) and (222) planes,
together with some substrate peaks. From Fig. 3, it can be seen an
increase in the relative intensity of the TiN peaks as coating
thickness increases.

The properties of the uncoated and coated samples in terms of
coating thickness, surface roughness, hardness, elastic modulus
and residual stresses are listed in Table 2.

ADI substrates exhibit average Ra and Rsk values of 0.19 mm and
�0.28, respectively, a surface hardness of 709 HK0.015 and a resi-
dual stress value of �0.38 GPa (compression). These results are
consistent with a previous study [8].

The average coating thicknesses obtained were 0.75, 1.47 and
2.08 μm for deposition times of 30, 60 and 150 min, respectively.
Fig. 4 shows a SEM cross-sectional view of a fractured coated
sample, showing the coating with its characteristic columnar
morphology and the presence of macroparticles and macro
particle voids.



Table 2
Properties of the uncoated and coated samples.

Sample Coating thickness (μm) Surface roughness Coating hardness (GPa) Surface hardness (HK0.015) Elastic modulus (GPa) Residual stresses (GPa)

Ra (μm) Rsk

ADI – 0.1970.02 �0.2870.26 – 709730 – �0.3870.02
ADI-TiN 0.7 0.7570.09 0.2370.02 �0.2370.25 26.772.20 12097273 329746 �5.3170.16
ADI-TiN 1.4 1.4770.16 0.2470.03 �0.1170.26 27.171.78 15167199 395716 �6.5370.18
ADI-TiN 2.1 2.0870.27 0.2570.03 0.2770.31 26.371.68 26947164 542712 �9.1870.21

Fig. 4. SEM cross-sectional view of a fractured ADI-TiN 2.1 sample.

Fig. 5. Roughness parameters of uncoated and coated samples: (a) arithmetic
average roughness, (b) skewness.
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Regarding the surface roughness, the coated samples exhibit in
all the cases a higher Ra and Rsk values less negative or even
positive than uncoated ADI as can be seen in Fig. 5.

The average Ra values increase slightly as film thickness does,
varying from 0.23 μm for ADI-TiN 0.7 to 0.25 μm for ADI-TiN 2.1,
while the average Rsk values change from �0.23 for ADI-TiN 0.7 to
0.27 for ADI-TiN 2.1. The change in Rsk from negative to positive
(i.e., the reduction of bearing area) and the slight increase in Ra as
coating thickness increases can be ascribed to the presence of
macroparticles (protrusions) in the coatings, whose number
increases as deposition time does [25].

The coating hardness is close to 27 GPa for the different coating
thicknesses analyzed. The surface hardness of ADI-TiN 2.1
(2694 HK0.015¼26.4 GPa) is almost identical to its coating hard-
ness, since the penetration depth of the Knoop indenter is about
one tenth of the coating thickness. The surface hardness for
smaller coating thicknesses is influenced by the substrate
properties.

The elastic modulus and residual stresses of the coatings
increase as the coating thickness does. The elastic modulus vary
from 329 GPa for ADI-TiN 0.7 to 542 GPa for ADI-TiN 2.1 while the
residual stresses vary from �5.31 GPa for ADI-TiN 0.7 to
�9.18 GPa for ADI-TiN 2.1, being compressive in all cases.

The adhesion strength of the TiN coatings to ADI substrates was
graded as HF1, according to the VDI 3198 Guideline. No delami-
nations were observed for any of the coating thicknesses analyzed.
The imprints resulting from the adhesion tests are shown in Fig. 6.

3.2. Rolling contact fatigue behavior

The analysis of the RCF rolling tracks in the present study show
that the failures in the coated samples have different character-
istics depending on the coating thickness. In ADI-TiN 0.7, failures
occurred exclusively by substrate spalling with no coating damage
throughout the samples fatigue life, while in ADI-TiN 1.4 and ADI-
TiN 2.1 failures were mainly produced by coating fracture and
subsequent delamination with very few cases of substrate spalling.
In general, failures produced by coating delamination occurred at
fewer loading cycles than those produced by substrate spalling.
Fig. 7 shows the two different failure modes described above for
the TiN coated samples, substrate spalling in Fig. 7(a) and coating
delamination in Fig. 7(b). The rolling direction (RD) is indicated on
the micrographs.

Fig. 8 shows the Weibull plot of failure probability versus
number of loading cycles for the different coating thicknesses
analyzed. The Weibull plot of Fig. 9 compares the failure prob-
ability of the uncoated ADI samples with that of the ADI-TiN
0.7 and ADI-TiN 1.4 samples. Table 3 lists the main parameters of
the Weibull plots of Figs. 8 and 9 such as L10 life, L50 life, char-
acteristic life (η) and coefficient of determination (R2).

From Fig. 8 and Table 3 it can be seen that the RCF life of the
coated samples (in terms of loading cycles) increases as the coat-
ing thickness decreases. This behavior is consistent with previous
studies conducted on steel substrates coated by PVD with different



Fig. 6. Imprints on coated samples after Rockwell-C adhesion test (VDI 3198 standard): (a) ADI-TiN 0.7, (b) ADI-TiN 1.4, and (c) ADI-TiN 2.1.
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materials [12–15] and can be ascribed to the combination of dif-
ferent facts. First, the reduction of elastic modulus as coating
thickness decreases which makes thinner coatings more likely to
withstand the deformations experienced by the relatively softer
and more compliant substrates during the loading/unloading RCF
cycles without cracking and/or delamination [26]. Second, the
increase of residual stresses as coating thickness does which
makes thicker coatings more likely to suffer fracture and delami-
nation during system use in tribological applications [27]. Third,
the presence of larger defects (the interfaces between columns in
the coating structure) as coating thickness increases which makes
thicker coatings more prone to suffer fracture and delamination
since these defects act as preferential sites for crack nucleation
[28]. Furthermore, being that the RCF tests were conducted under
a mixed lubrication regime, the surface roughness of the coated
samples also played an important role. As stated in Section 3.1, the
number of protrusions (macroparticles) in the surface of the
coated samples increases significantly as film thickness does.
Consequently, the interaction between the rolling surfaces also
increases as film thickness does, making thicker coatings more
likely to fail. The different failure modes observed as coating
thickness increases ratify that thinner coatings (less than 1 mm) are
more likely to withstand the RCF test without cracking and/or
delamination.

From Fig. 9 and Table 3 it can be noted that TiN coatings with a
thickness of 0.7 mm enhance the RCF resistance of ADI substrates
while those with thicknesses of 1.4 and 2.1 mm worsen ADI's
resistance. Particularly, ADI-TiN 0.7 increases the η life of ADI
substrates by approximately 26%, while ADI-TiN 1.4 and ADI-TiN
2.1 decrease the η life of ADI substrates by 10% and 27%, respec-
tively. This result is also consistent with previous studies carried
out on PVD coated steels, in which it was found that the optimum
coating thickness is close to 0.75 mm and that thinner thicknesses
do not affect the RCF resistance of the bare substrates [17,20,28].
4. Conclusions

PVD TiN coatings were applied on high strength ADI samples.
The influence of the coating thickness on the RCF behavior of the
coated samples was studied. Three different coating thicknesses
were analyzed: 0.75, 1.47 and 2.08 μm. Based on the results
obtained within the thickness range analyzed and the RCF test
conditions used, the following conclusions can be drawn:

● The elastic modulus and residual stresses of the coatings
increase significantly as coating thickness does. The number of
protrusions (macroparticles) in the surface, the arithmetic
average roughness and the surface hardness of the coated
samples also increase with the coating thickness. The coating
hardness and adhesion strength quality do not vary with the
thickness. And finally, the RCF resistance of the coated samples
decreases as coating thickness increases.

● Samples with a coating thickness of 0.75 mm exhibit a higher
RCF resistance than uncoated ADI samples. Failures in these
samples are produced exclusively by substrate spalling with no



Fig. 7. Different RCF failure modes observed in the TiN coated samples:
(a) substrate spalling observed in ADI-TiN 0.7, (b) coating delamination observed in
ADI-TiN 1.4 and ADI-TiN 2.1.

Fig. 8. Weibull plot for the coated samples (p0¼1400 MPa, mixed lubrication
regime).

Fig. 9. Failure probability for uncoated ADI compared to ADI-TiN 0.7 and ADI-TiN
1.4 (p0¼1400 MPa, mixed lubrication regime).

Table 3
Typical values of the FCR resistance curves for the uncoated and coated samples.

Sample L10 (cycles�106) L50 (cycles�106) η (cycles�106) R2

ADI 52.547 116.135 135.510 0.999
ADI-TiN 0.7 65.687 145.952 170.479 0.926
ADI-TiN 1.4 39.727 101.978 122.507 0.956
ADI-TiN 2.1 16.250 73.500 98.583 0.955
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coating damage throughout their fatigue life. Samples with
coating thicknesses of 1.47 and 2.08 mm show a lower RCF
resistance than uncoated ADI samples. Failures in these samples
are mainly produced by coating fracture and subsequent
delamination.

● The combined reduction of elastic modulus, residual stresses,
defects size and number of protrusions as coating thickness
decreases can be ascribed to the enhanced capacity of thinner
coatings to withstand the RCF test without cracking and/or
delamination.
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