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In this work, different plasma nitriding and coating thickness combinations were tested to improve surface
proprieties of a cold work tool steel. A DIN X100CrMoV8-1-1 cold work tool steel was plasma nitrided,
using a 5 vol-%. N2 + 95 vol-% H2 gas mixture, for 2.5- and 5.0-h nitriding times. Then, the non-nitrided
and nitrided substrates were coated with titanium carbonitride (TiCN)-graded thin films produced by
cathodic arc plasma-assisted physical vapor deposition. Different deposition parameters were used to
produce coatings with thicknesses of 1.0 and 2.0 lm. The samples were characterized regarding the
microstructure, surface hardness, coating adhesion, and friction coefficient, which were measured by ball-
on-disc tests. In the plasma nitriding process, it was possible to generate a diffusion layer, without the
formation of a compound layer, with depths of 58 lm and 68 lm for 2.5 and 5.0 h, respectively. Both
plasma nitriding treatments avoided delamination of the TiCN coating when deposited on the cold work
tool steel. The TiCN coatings significantly decreased the friction coefficient, regardless of substrate con-
dition. The lowest friction values were found for the thinner coating. The deeper diffusion zone led to higher
hardness value, and highest scratch crack propagation resistance of the coatings, meaning superior coating
adhesion. The best surface properties were found when combining the deeper plasma nitriding diffusion
layer with the thinner PVD coating.
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1. Introduction

The duplex treatment reduces the hardness difference between
a protective coating and the underlying material. The duplex
treatment consists of nitriding a steel substrate followed by thin-
film deposition, to increase the load-bearing capacity of the
coated system. Besides, plasma nitriding can increase the fatigue
resistance, strength at elevated temperatures (Ref 1), and wear
resistance (Ref 2), especially at high loads (Ref 3). The
competitive advantages of duplex treatments and their resulting
tribological properties have been reported (Ref 4-8). However,
there is still a lack of knowledge regarding the optimum nitriding
conditions (e.g., diffusion layer depth) for the most suitable thin-
film thickness for the various applications.

A previous work (Ref 9) showed that TiCN PVD arc
evaporation coating was a suitable choice to improve perfor-
mance of cold work tools manufactured from a DIN

X100CrMoV8-1-1 steel. The present work presents a more
in-depth investigation on the duplex treatment of this steel by
changing plasma nitriding parameters to be used before coating,
as well as varying TiCN coating parameters to test combina-
tions of different layer thicknesses.

Several studies concluded that the main requirements for
achieving suitable quality duplex surface treatments by PVD and
nitriding include low roughness of the resulting surface (Ref 10),
high compressive residual stresses (Ref 11, 12), and a sufficiently
deep nitrided layer to achieve adequate load-bearing capacity (Ref
13). Some results indicate that the presence of a monophasic white
layer e (Ref 14, 15) or c� (Ref 16, 17) improves coating
performance. However, for some grades of tool steel with high
carbon content, e white layer formation is associated with
precipitation of carbides and carbonitrides at grain boundaries in
the diffusion zone, generating a very brittle microstructure.
Besides, ewhite layer develops high tensile residual stresses. This
combination of properties does not recommend using awhite layer
for high carbon content tool steels, especially considering forming
and cutting tools with edges and corners (Ref 18-20). Therefore, in
this investigation, white layer formation has been avoided when
using plasma nitriding as a pre-treatment for PVD coating.

This work investigated the duplex treatment of a DIN
X100CrMoV8-1-1 cold work tool steel. On the one hand,
plasma nitriding was developed to produce steel samples with
two different diffusion zone depths without white layer, and on
the other hand, TiCN deposition parameters were varied to
generate two different coating thicknesses. Non-nitrided and
nitrided samples were coated by the different coatings. In order
to identify the most promising combinations, the duplex treated
samples were characterized regarding chemical composition,
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microstructure, hardness, coating adhesion, and friction in ball-
on-disc tests.

2. Materials and Methods

2.1 Materials and Sample Preparation

Disc specimens with 31 of diameter and 5 mm of thickness
were manufactured from a DIN X100CrMoV8-1-1 hot-rolled
bar. The steel chemical composition is given by 1.00 wt.% of C;
0.95 wt.% of Si; 7.90 wt.% of Cr; 0.96 wt.% of Mo; and 1.55
wt.% of V. After machining, the samples were heat treated
employing a controlled atmosphere heat-treating oven. Samples
were tripled tempered at 500 ºC to achieve a final hardness
between 60 and 62 HRC. Figure 1 shows the resulting
microstructure of a DIN X100CrMoV8-1-1 cold work tool steel
specimen after hardening and tempering with primary and
secondary carbides.

Before surface treatment, the samples surfaces were ground
(#120 to #1200 mesh) and then polished with 1-lm diamond
paste to obtain a low final mean roughness (Ra) of 0.023 ±
0.003 lm. Nitriding was carried out in a plasma nitriding
furnace equipped with a DC power supply developed in the
Department of Metallurgy of the Federal University of Rio
Grande do Sul. Plasma nitriding was carried out using five
processing steps presented in Table 1. In order to prevent white
layer formation during the nitriding step, a gas mixture
consisting of 5 vol.% N2 and 95 vol.% H2 was used (Ref 9).
Two different batches of samples were prepared with nitriding
times of 2.5 h (150 min) and 5 h (300 min) to produce two
different diffusion layer depths.

After plasma nitriding, the specimens were prepared for
subsequent coating deposition by polishing the surfaces with a
1-lm diamond paste to obtain a Ra value of 0.025± 0.008 lm
and then carefully cleaned and dried. The plasma-assisted
cathodic arc evaporation method was used to coat the samples
with the TiCN system (Ref 9). Table 2 shows the main process
parameters used to deposit coatings with two different thick-
nesses of 1 and 2 lm. The notations TiCN1 and TiCN2 identify
these coatings for the thickness of 1 and 2 lm, respectively.
The coated surfaces were post-treated by grinding with #1000

SiC sandpaper to reduce excessive roughness due to surface
droplets produced during coating process; such defects are
quite common in the cathodic arc deposition method. Table 3
summarizes the processes used to produce each sample group,
including the nitriding and coating times and temperatures.

3. Surface Characterization

A standard metallographic preparation method was carried
out before the optical microscopy analysis of the nitrided
layers. The samples were carefully cut using a precision cutting
machine and adequately mounted to promote edge retention to
allow observation of the nitrided layers. After mounting, the
samples were ground and polished with a 1-lm diamond paste
and then etched with a Nital solution (2 vol.% HNO3 in ethyl
alcohol) for optical microscopy analysis. Glow discharge
optical spectroscopy (GDOES) determined the carbon and
nitrogen content depth profiles.

The coated samples were fractured to provide a cross section
of the thin film for scanning electron microscopy (SEM)
analysis. x-ray diffraction phase analysis was carried out using
a Philips X�Pert MPD diffractometer equipped with Cu-Ka
radiation. The interval for data acquisition in 2h angle was from
30� to 130� with a step size of 0.05� and 15 s/step.

To evaluate hardness and elastic modulus of the coated
systems, a Fischerscope HV100 Nanohardness tester equipped
with a Berkovich diamond indenter was employed. The
measurements were carried out according to the ISO 14577-
1:2002(E) standard to measure the Martens hardness and elastic
modulus. Hardness and elastic modulus were determined by
indenting the surface of the specimens with three loads: (25, 50,
or 100 mN), with loading and unloading times of 40 s each.
The coated surfaces were indented 10 times for each sample,
and each load condition at different locations on the surface.
The presented data are the mean value and standard deviations
of these measurements.

Adhesion tests were carried out for all coated samples using
a Rockwell C indenter according to the DIN 4856 standard (Ref
21). The observed cracks pattern and delamination around the
indentations were compared to reference patterns classified in
this standard from HF1 to HF4 (good adhesion) and HF5 and
HF6 (poor adhesion).

Scratch tests were carried out according to the ASTM
C1624-05 (2010) standard using a diamond Rockwell indenter
with a tip radius of 200 lm. Normal loads applied to the
surface ranged from 1 to 150 N with a loading rate of 5 N/s,
indenter displacement velocity of 6 mm/min, and total scratch
length of 3 mm. Each sample was scratched three times. The
critical load Lc1 was used to identify the first level of cohesive
failure, while Lc2 was used to identify the first adhesive failure
mode.

The ball-on-disc tribological tests were carried out accord-
ing to ASTM G99-05 (2010) standard to evaluate the friction
coefficient of the TiCN-coated surfaces against aluminum oxide
balls in dry conditions. The applied load was 10 N, and the
linear velocity of the sphere against the disc (sample) was
0.225 m/s for a total sliding distance of 1000 m. The sphere
had a diameter of 6 mm. The calculated hertz maximum contact
stress for these conditions was 1.97 GPa (Ref 22). Three tests
were done for each sample in different radial positions of the
discs (7, 9, and 11 mm).

Fig. 1 Optical microscopy cross-sectional view of the DIN
X100CrMoV8-1-1 steel used as substrate material in this study
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4. Results and Discussion

4.1 Properties of Plasma-Nitrided Layers

A cross-sectional view of a sample nitrided for 5 h is shown
in Fig. 2. Only a nitriding diffusion layer (dark layer) was
observed, as expected, for the selected plasma nitriding
parameters (temperature of 450�C and gas mixture with 5
vol.% N2). As already known from a previous work (Ref 9), the
formation of white layer and grain boundary precipitates in the
diffusion layer lead to layer embrittlement, which can be
avoided by the selected parameters.

Figures 3 and 4 shows the glow discharge optical spec-
troscopy (GDOES) carbon and nitrogen concentration profiles.
The plasma nitriding layer depth was defined as the distance
from the surface at which the nitrogen content reached a
minimum of 0.5 at.%. The plasma nitriding diffusion zones of
35 and 45 lm were measured for the nitriding times of 2.5 h
and 5 h, respectively. A reduction in the carbon content near the
surface compared to the original carbon content of the steel was
observed after plasma nitriding, as expected for a plasma-

Table 1 Plasma nitriding parameters for the different treatment steps

1. Pumping 2. Sputtering 3. Heating and cleaning 4. Nitriding 5. Cooling

Pressure, mbar Down to 0.05 1 4 4 0.05
Gas mixture, vol.% … Pure H2 Pure Ar 5% N2/95% H2 5% N2/95% H2

Temperature, �C … � 200 450 450 25
Time, min Until 0.05 mbar reached 45 Until 450�C reached 150 (2.5 h) or 300 (5 h) 180

Table 2 Coating parameters used to obtain the TiCN1 and TiCn2 samples

1. Pumping 2. Heating 3. Cleaning 4. Coating 5. Cooling

Pressure (mbar) Down to 0.005 0.5 0.5 0.02–0.03 300
Gas – – Ar + H2 C2H2 + N2 + Ar N2

Temperatures (�C)
TiCN1 – 350 350 400 To 25
TiCN2 450 450 450 To 25

Times (min)
TiCN1 Until 0.005 mbar reached 60 160 38 120
TiCN2 60 160 54 120

Bias – – – � 200 V –

Table 3 Identification of the samples according to the process variations

Samples

Applied process

Nitriding time (min)/Nitriding temperature, �C Coating time (min)/Coating temperature, �C

Non-nitrided Not coated Not coated
Nit 2.5 150/450 Not coated
Nit 5 300/450 Not coated
TiCN1 None 38/400
TiCN2 None 54/450
Nit 2.5 + TiCN1 150/450 38/400
Nit 5 + TiCN1 300/450 38/400
Nit 2.5 + TiCN2 150/450 54/450
Nit 5 + TiCN2 300/450 54/450

Fig. 2 Optical microscopy cross-sectional view of a sample
plasma-nitrided during 5 h
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nitrided material without white layer formation. The carbon
content below the nitriding diffusion zone increased to a
maximum at the depth where the minimum nitrogen concen-
tration was observed, followed by a decrease in the carbon
content to the steel substrate�s nominal concentration. Such a
carbon concentration profile has been observed previously for
plasma nitrided samples without compound layers (Ref 19),
confirming that no continuous white layer was formed in the
samples. The results of the surface microhardness tests with
different applied loads are presented in Fig. 5 for the two
plasma nitriding times (2.5 h and 5 h); the hardness values
were higher for the samples nitrided during 5 h for all applied
loads. The difference in the hardness values between the two
samples reduces with decreasing load. The highest hardness
values of 1550 HV and 1430 HV for 5-h and 2.5-h nitriding
time were measured with the lowest test load (0.49 N).

Figure 6 shows the microhardness profiles of the nitrided
samples, where the dashed horizontal line indicates the core
hardness of the substrate. The nitriding layer depth is deter-
mined by the distance from the surface where the hardness
reaches the untreated substrate. The nitriding time of 5 h
resulted in a higher hardness than the 2.5-h sample over the
nitriding layer, as shown previously in Fig. 5. The layer depth
for a treatment time of 2.5 h was 58 lm and for 5 h was
68 lm. The substrate average hardness of 750 HV can be
converted to around 62 HRC, which shows that the substrate
hardness was not affected by the nitriding treatments temper-
ature.

4.2 Properties of Samples after PVD Coating

Figure 7 shows SEM images of the coated samples cross
section: (7a) TiCN1 and (7b) TiCN2 coatings. The SEM images
revealed that the TiCN coating thickness is around 1.0 lm and
2.0 lm, Also, the images show that both coatings presented a
very fine columnar microstructure without visible porosity.

Fig. 3 GDOES chemical composition profile for a sample nitrided
during 2.5 h (Nit 2.5)

Fig. 4 GDOES chemical composition profile for a sample nitrided
during 5 h (Nit 5)

Fig. 5 Surface hardness of nitrided samples measured with different loads
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Table 4 presents the values of Young�s modulus (E) as
measured by nanoindentation. For all studied coating condi-
tions, E decreases with nanoindentation load. However, for the
samples with the duplex treatment (nitrided + coating), it is
possible to observe that the reduction of E with load is lower

(especially for the 5-h nitriding treatment). Apart from the case
of 25 mN load, the maximum indentation depth exceeded 10%
of the coating thickness, resulting in the substrate influencing
the measurements. This reduction in E is consistent with the
observed reduction in hardness.

Figure 8(a) shows the XRD peaks for nitrided and non-
nitrided samples. The nitrided conditions are Nit 2.5 and Nit
5.0, for nitriding times of 2.5 and 5.0 h, respectively. A
displacement of a-Fe peaks for nitrided samples to the left in
relation to the standard diffractogram position (e.g., for a non-
nitrided sample) is a result of compressive residual stresses.
The peak for the c� -Fe4N is seen for both Nit 2.5 and Nit 5.0
conditions, but in the metallographic analysis, no continuous
white layer could be detected. The presence of this nitride
cannot be neglected, as it can result from conical precipitations
on the surface and being affected by preferred orientation (what
would explain why the other peaks from this nitride are not
seen), but the continuous layer is not formed. The absence of a
significant number of other nitride peaks in the diffractograms
with significant intensity and quantity, combined with the
metallographic analysis, ensures that there was no continuous
white layer formed in the surface of the nitrided samples for
both treatment times.

Fig. 6 Hardness as a function of depth for two nitrided samples

Fig. 7 Cross-section SEM images of coated samples (a) TiCN1 and
(b) TiCN2

Table 4 Young�s modulus values for different
nanoindentation loads for all fabricated samples

Nanoindentation load
Young�s modulus, GPa

Samples 25, mN 50, mN 100, mN

Non-nitrided 273.0 ± 11 254.6 ± 3 240.9 ± 10
Nit 2.5 303.2 ± 10 273.2 ± 7 257.9 ± 4
Nit 5 285.0 ± 5 272.5 ± 6 256.4 ± 5
TiCN1 473.5 ± 26 302.1 ± 12 243.3 ± 5
TiCN2 553.3 ± 27 422.8 ± 10 299.1 ± 15
Nit 2.5 + TiCN1 429.6 ± 23 331.1 ± 8 276.2 ± 12
Nit 2.5 + TiCN2 548.2 ± 28 427.2 ± 10 344.3 ± 27
Nit 5 + TiCN1 428.2 ± 11 357.1 ± 11 298.2 ± 11
Nit 5 + TiCN2 546.6 ± 10 444.7 ± 15 358.2 ± 8
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Figure 8(b) presents the diffractograms for the coated
samples. The main diffraction peaks identified belong to the
TiCN compound for the treatment conditions TiCN1 and
TiCN2. The peaks for a-Fe also appear due to the radiation
penetration depth, which increases with decreasing 2h, as the
measurements kept the Bragg-Brentano condition. As the
coating thickness increases from TiCN1 to TiCN2, the a-iron
peak intensity decreases, and the TiCN peak intensity increases.

4.3 Nanohardness as a Function of Load

Figure 9, 10, and 11 shows the nanohardness values
measured using loads of 25, 50, and 100 mN, respectively. In
the case of non-nitrided samples, the hardness generally
decreased with increasing measurement load. In the case of
the 25 mN load (Fig. 9), the thicker coating (TiCN2) showed
higher hardness values than the thinner one (TiCN1). Also, no
influence of the nitriding layer was seen in the coating
nanohardness at 25 mN load.

Figure 10 shows the results of nanohardness for the
indentation load of 50 mN. As the penetration depth increased
compared to 25 mN, higher hardness values of the coatings
deposited on the previously nitrided substrate (duplex treat-
ment) were observed for the samples with TiCN1 coatings. Yet,
for the 2.5 h + TiCN1 duplex treatment, the hardness increased
compared to the samples that were just nitrided for 2.5 h or just
coated with TiCN1. For the 5 h + TiCN1 duplex treatment, the
effect of the nitrided case in the hardness is even higher. For
TiCN2-coated samples, the increase in the measuring load from
25 mN (Fig. 9) to 50 mN (Fig. 10) did not change the
nanohardness values due to the coating thickness; at this
thickness (TiCN2), the coating supports most of the load.

Fig. 8 X-ray diffractograms for phase analysis from (a) nitrided
and non-nitrided samples and (b) TiCN1 and TiCN2 samples

Fig. 9 Nanohardness values obtained with a 25-mN load
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The results for the hardness at 100 mN are presented in
Fig. 11. The hardness of the samples coated with TiCN1
increased, from 9.3 GPa, for just coated samples, to 12.8 GPa
and 13.7 GPa, for the TiCN1 on nitrided substrates during 2.5
and 5 h, respectively. The same trend was observed for samples
coated with TiCN2. The TiCN2 hardness remained 12.9 GPa
for just coated samples, while duplex treated samples showed
hardness of 15.8 and 16.3 GPa for TiCN2 over nitriding cases
obtained with 2.5 and 5 h, respectively. Therefore, the higher
hardness values for duplex treated samples shown in Fig. 10
and 11 for the higher loads and, consequently higher penetra-
tion depths, are a consequence of an increase in the load-
bearing capacity given by the plasma-nitrided case.

4.4 Influence of Carbon Content on the Coating Hardness

Figure 12 shows the relative carbon atomic fraction profiles
C/(C+N) for the TiCN thin films as a function of depth. The
carbon atomic fraction in TiCN1 from the coating surface
(0 lm) to approximately 0.25 lm oscillated around 0.5 C/
(C+N). The fraction decreases linearly to a minimum at the

opposite side of the coating layer (the interface between the
coating and substrate), resulting in a value of approximately
0.075 C/(C+N).

In the case of the TiCN2 thin film, three distinct regions
were observed in the carbon atomic fraction profile. The first
region, from the coating surface to a thickness of �0.25 lm,
showed a carbon atomic fraction decaying from 0.5 to 0.3. In
the second region, from about 0.25 to 1.1 lm, the carbon
atomic fraction stayed constant, with a value of about 0.22. In
the third region, from 1.1 to 2.0 lm (near the interface of the
coating layer with the substrate), a new linear relationship was
established, where C/(C+N) decreased down to 0.1 in the
coating/substrate interface.

Yasuoka et al. (Ref 23) studied single TiCN coatings by
varying the atomic fraction of carbon in the films. They
concluded that increasing the atomic fraction of carbon in the
film resulted in the substitution of N by C in the TiCN structure
that increased crystal lattice stresses in the coating, which in
turn increased the hardness. The film with the highest hardness
had a carbon fraction of 0.5.

Fig. 10 Nanohardness values obtained with a 50-mN load

Fig. 11 Nanohardness values obtained with a 100-mN load
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The TiCN1 film had a higher carbon fraction throughout the
entire coating thickness compared to TiCN2, but presented
lower measured nanohardness values, which can only be
understood by its lower thickness, half of the TiCN2.

4.5 Coating Adhesion

The results for the indentation tests carried out on TiCN1
and TCN2 coatings over non-nitrided substrates are shown in

Fig. 12 Carbon atomic fraction profile for the TiCN1 and TiCN2 coatings

Fig. 13 Indentation patterns for the (a) TiCN1 sample (HF5: bad adhesion) and (b) TiCN2 sample (HF6: bad adhesion)

Fig. 14 Indentation patterns for the (a) Nit 2.5 + TiCN1 sample (HF1: good adhesion) and (b) Nit 2.5 + TiCN2 sample (HF1: good adhesion)
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Fig. 13. Peripheral cracks were observed around the indentation
for both coatings (13a and 13b), where the surrounding areas of
the coating already showed some delaminated regions. This
type of failure pattern indicates a lack of load bearing capacity
and poor adhesion. In this case, although the visual pattern of
indentation did not fit those presented in the DIN 4856
standard, the adhesion was considered unsatisfactory. Also,
Fig. 13(a) shows a lower exposure of the substrate in the case of
the TiCN1 coating (thin) compared to the TiCN2 (thick)
presented in Fig. 13(b). This indicates a better adhesion of the
thinner coating in this test.

Figures 14 and 15 shows the adhesion results for TiCN1 and
TiCN2 over nitrided substrates. The cracks features indicate
excellent adhesion of the coating; significantly fewer cracks
were observed for the samples previously nitrided during 5 h
(Fig. 15) compared with the 2.5 h (Fig. 14). Compared to the
DIN 4856 standard, all images presented in Fig. 14 and 15 were
considered to show good adhesion as the films remained well
adhered to the nitrided substrates.

Although scratch test results are a combination of deforma-
tion, adhesion, and internal stresses, it is a well-accepted testing
method for qualitative evaluation of adhesion. The scratch tests

result for all samples is shown in Fig. 16. For the non-nitrided
substrates, Lc1 was higher for TiCN2 than TiCN1. The value of
Lc2 was also measured, which indicates the adhesion strength
at the coating–substrate interface. The TiCN2 coating showed a
better ability to remain adhered to the substrate and support
failures, reaching an average Lc2 of 50.3 N, while TiCN1
provided a lower average Lc2 value of 45.7 N. Also, this
figure shows that, in general, the two different plasma nitriding
conditions applied before coating were able to increase both

Fig. 15 Indentation patterns for the (a) Nit 5 + TiCN1 sample (HF1: good adhesion) and (b) Nit 5 + TiCN2 sample (HF1: good adhesion)

Fig. 16 Critical loads Lc1 and Lc2 for the different samples produced

Table 5 Scratch crack propagation resistance (CPRs)
values

Samples CPRs

TiCN1 504
TiCN2 550
Nit 2.5 + TiCN1 883
Nit 2.5 + TiCN2 1216
Nit 5 + TiCN1 1246
Nit 5 + TiCN2 1207
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Lc1 and Lc2 compared to the values achieved without nitriding.
In the case of TiCN2, Lc2 was significantly higher for the
nitrided substrate. However, the nitriding time did not signif-
icantly affect the critical load improvement, with a 40%
improvement for 2.5-h nitriding time (Nit 2.5 + TiCN2) and
43% for the 5.0-h nitriding time for the Nit 5 + TiCN2
condition.

The thicker coatings (TiCN2) showed slightly higher Lc1
values than the thinner films (TiCN1). Analyzing the influence
of the coating thickness on the critical loads, Cassar et al. (Ref
24) observed no consensus on this point; increased critical
loads have been measured for thicker coatings, while they also
generally have higher residual stresses, degrading adhesion and
enhancing delamination. Experimental studies by Rickerby
et al. (Ref 25) and Lin et al. (Ref 26) showed that a reduction in
the critical loads is expected when the residual stresses in TiN
coatings deposited by PVD increases. This is a result of the
stored internal energy and interface stresses increasing the
likelihood of adhesion failures. These authors also reported that
the critical load varies inversely with compressive residual
stresses. The total stress is the result of the superimposition of
the stresses caused by the movement of the indenter and the
compressive residual stresses in the coating. Thus, high residual
stresses in a coating reduce the energy required to remove it
from the substrate (adhesive failure) during the scratch test.

An important factor is how the coating supports the
propagation of cracks up to the point of delamination, which
serves as a criterion for determining the quality of a duplex
system (Ref 27). According to Li et al. (Ref 28), the
relationship that correlates Lc1 and Lc2 is the scratch crack
propagation resistance (CPRs), as shown by the equation: CPRs
= Lc1*(Lc2-Lc1), where the CPRs values indicate the tough-
ness of the coating system.

Table 5 shows the CPRs values for the tested samples. The
coatings applied over nitrided substrates supported the propa-
gation of cracks without delamination, indicating that the
higher CPRs values correspond to better adhesion. These
values show the benefits of coatings that remain well adhered to
previously nitrided substrates in comparison with non-nitrided
ones. The nitrided layer imparts several benefits, including an
increase in surface yield strength (a higher critical load is

required for coating failure) and enhanced adhesion due to
interdiffusion at the interface by the high affinity between N
and Ti (the first layer deposited before the formation of the
TiCN in the coating process). As reported by Baek et al. (Ref
13), the interdiffusion that takes place during the deposition
process results in the formation of additional TiN, which
improves adhesion. Finally, the resistance to crack propagation
of the coating itself is important, which was higher for TiCN2
coating than the TiCN1 coating (considering the CPRs values
obtained on non-nitrided substrates). Therefore, both the
coating and substrate clearly contributed to the improved
adhesion.

The ball-on-disc tribological test results for only coated
samples, conditions TiCN1 and TiCN2 (without duplex treat-
ment) and for a non-nitrided sample as reference are presented
in Fig. 17. There is a significantly reduction of friction
coefficient with the use of the coatings. However, a significant
longer distance is related to the running-in effect for the TiCN2
condition compared to the TiCN1 condition. The distance for
running-in for the TiCN1 sample was 50 m, whereas in the
TiCN2 sample was 250 m. After running-in, both coatings
present similar friction coefficients, around 0.15 against 0.8 for
non-coated ones. The friction coefficient peaked is 0.50 for
TiCN2 and 0.24 for TiCN1 in the running-in period of the
tribological tests

Figure 18a presents the TiCN1 friction coefficient behavior
on nitrided and non-nitrided substrates. For this thinner coating
condition, the combination of nitriding with the coating did not
change the friction coefficient significantly after running-in
compared to just coated samples. However, nitriding influenced
the running-in regime; as the nitriding time increases, the
running-in distance also increases. This behavior can be
explained by the higher load-bearing capacity, which decreased
the wear rate during running-in. In the case of coating TiCN2
(Fig. 18b), as coating thickness increases, the effect of
increasing running-in distance is not pronounced. Additionally,
coating condition TiCN2, independently from the previous
nitriding, presented slightly higher friction coefficients than
TiCN1, which can be related to the different coating parameters
set to achieve a thicker layer in TiCN2.

Fig. 17 Ball-on-disc friction coefficient for non-nitrided vs. TiCN1 and TiCN2 samples
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Figure 19 presents the SEM images of the surface before
the samples have been submitted to the ball on disc tests
(Fig. 19a and b) and the resulting wear tracks after the tests
(Fig. 19c and d). The TiCN2 coating presented a higher
quantity of pores and in a larger number compared to the
TiCN1 surface. This was probably due to the high deposition
rate used to obtain the coating TiCN2 than TiCN1, 3.0 lm/h,
and 1.9 lm/h, respectively. The TiCN1 lower friction coeffi-
cient is and shorter running-in, observed in Fig. 18, is
associated with the lower porosity. These clear differences
observed between these test results for both coatings can be
also verified through an analysis of the wear tracks on the
samples nitrided for 2.5 h and coated, presented in Fig. 19(c)
for TiCN1 and 19(d) for TiCN2. The track created in the
TiCN2 is wider and deeper than TiCN1, indicating more
severe wear in the TiCN2. Similar behavior was verified for
the tracks with other tested conditions.

4.6 General Aspects

Table 6 presents a summary of the main results. Both tested
coatings produced a poor adhesion in non-nitrided substrates,
as seen from the adhesion DIN 4856 tests. When duplex
treatment was applied, the scratch tests revealed that adhesion
problem was solved. The nitriding treatments improved load-
bearing capacity, according to the nanohardness results. When
comparing the nitriding treatments, it is possible to observe that
5.0-h treatment resulted in higher surface hardness and a deeper
diffusion zone than the 2.5-h treatment.

The combination of TiCN1, due to its lower thickness, with
the thinner diffusion layer produced by 2.5 h nitriding (condition
Nit 2.5 + TiCN1), presented a lower critical load in the scratch
test. Therefore, the three last conditions in Table 6 can be
considered as the best choices for application. The performance
of Nit 5 + TiCN1 in the scratch test (CPRs 1246) was slightly

Fig. 18 Ball-on-disc friction coefficient for the different coating systems (a) TiCN1, TiCN1 + 2.5 h and TiCN1 + 5.0 h and (b) TiCN2, TiCN2
+ 2.5 h and TiCN1 + 5.0 h
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better than the other two duplex treatments with TiCN2. The
surface nanohardnesswith 50mN load gave values above 20 GPa
for the combinationswith TiCN2 coatingwhile theNit 5+TiCN1,
the hardness was 17 GPa. However, 17 GPa is already a
significantly high value for most applications; it is two times
higher than the substrate hardness. The friction coefficient values
for the Nit 5 + TiCN1 combination is 0.13, while both TiCN2
combinations are 0.18. This lower friction coefficient of TiCN1 is
also evident in the analysis of ball-on-disc wear tracks.

Therefore, in this work the overall best properties were
presented by the duplex treatment conditions Nit 5 + TiCN1,
being the combination of a thinner TiCN coating with a deeper
plasma nitriding diffusion layer.

5. Conclusions

In this work, a DIN X100CrMoV8-1-1 cold work tool steel
was plasma nitrided, using a 5 vol-%. N2 + 95 vol-% H2 gas
mixture, for 2.5- or 5.0-h nitriding times, generating different

substrates. The substrates were coated with TiCN by PVD
cathodic arc evaporation to generate coating thicknesses of
about 1 and 2 lm on each substrate (identified as coating
variants TiCN1 and TiCN2). Hardness, adhesion, and friction
tests were carried out to characterize the different combinations.
The main conclusions are given as follows:

• Plasma nitriding with 5 vol-%. N2 + 95 vol-% H2 gas
mixture avoided compound layer formation, giving a dif-
fusion zone with a surface hardness 50% higher than core
and depths of 58 lm and 68 lm for 2.5-h and 5.0-h
nitriding times, respectively.

• One of the TiCN coating investigated in this work, identi-
fied as TiCN1, presented a higher carbon atomic fraction
compared to the second coating, TiCN2. However, due to
the lower thickness of TiCN1, this higher carbon atomic
fraction did not reflect a higher measured hardness.

• TiCN coatings significantly reduced the friction coeffi-
cients in the ball-on-disc tests, from values of 0.8 for non-
nitrided samples (without coating) to values of 0.14-0.18
for coated ones (for non-nitrided and nitride substrates).

Fig. 19 SEM images of the surface before ball-on-disc tests for (a) TiCN1 and (b) TiCN2. Resulting ball-on-disc tracks for (c) TiCN1 + 2.5 h
and (d) TiCN2 + 2.5 h

Table 6 Summary of test results

Samples

Nanohardness (GPa) [Young�s module (E)]

Adhesion DIN 4856 CPRs Friction coefficient (peak)25, mN 50, mN 100, mN

TiCN1 21.8 [473] 13.3 [302] 9.3 [243] Poor 504 0.15 (0.24)
TiCN2 25.4 [553] 20.1 [422] 12.9 [299] Poor 550 0.16 (0.50)
Nit 2.5 + TiCN1 21.1 [429] 15.6 [331] 12.8 [276] Good 883 0.14 (0.26)
Nit 2.5 + TiCN2 24.8 [548] 20.2 [427] 15.8 [344] Good 1216 0.18 (0.58)
Nit 5 + TiCN1 20.9 [428] 17.0 [357] 13.7 [298] Good 1246 0.13 (0.32)
Nit 5 + TiCN2 24.6 [546] 20.6 [444] 16.3 [358] Good 1207 0.18 (0.64)
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However, the thicker TiCN coating (TiCN2) presented
higher friction coefficients (about 0.18) and wider wear
tracks when compared to the thinner coatings (about
0.14). The increase in the deposition rate to obtain a
thicker coating led to a coating with higher amount of
porosity (TiCN2), which was the main influence on the
friction coefficient and wear results.

• Unsatisfactory adhesion revealed by coating delamination
in the TiCN coating deposited on non-nitrided substrates,
regardless of the coating thickness. This clearly showed a
lack of substrate mechanical support and adhesion. Plasma
nitriding with no compound layer proved to be a good
microstructure to improve adhesion of both TiCN coating
thicknesses (with 1 and 2 lm thickness), as it changed the
result of the DIN 4856 test from poor to good and high
scratch crack propagation resistance from values of about
525 to 1225. The best results were achieved with deeper
plasma nitriding diffusion zones (resulted from 5-h nitrid-
ing time), due to its high load-bearing capacity, leading to
higher measured hardness and scratch crack propagation
resistance.
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