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Diamond-like carbon (DLC) films are amorphous metastable carbon form that provide interesting 
mechanical and tribological properties. The role of film thickness influence upon wear and mechanical 
properties is of interest and not yet fully reported. In this study, two samples of previously plasma 
nitrocarburized, quenched and tempered H13 steel were duplex treated. First, a physical vapor deposition 
(PVD) chromium nitride (CrN) layer was applied, followed by a top final diamond-like carbon layer 
applied by plasma-enhanced chemical vapor deposition (PECVD). To evaluate thicknesses influence 
on mechanical and wear properties of coatings, samples were treated using two different thicknesses 
of both layers. In this study, the thickest CrN and DLC case presented higher hardness and better 
tribological properties, however, its failure occurs in brittle fashion.
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1. Introduction
Diamond-like carbon (DLC) is a metastable form of 

carbon, containing sp³ diamond bonds, sp² graphite bonds 
and sp² chain bonds, hence, DCL coatings can present high 
mechanical hardness, good chemical inertness and great 
tribological properties 1. DLC also contains a percentage 
of hydrogen, originating the so-called aC:H, amorphous 
hydrogenated carbon alloys 1. Coating-substrate material 
adhesion is one a key issue for wear resistant coatings. Wear 
of a hard coating usually starts with formation of microcracks 
that cause spalling of the superficial layer, mainly at surface 
asperities 2. Thin coatings are reported in the literature as 
being smaller than 1µm 1,3, even with applications that 
requires sub-100 nm thickness. In general, thin and very 
thin DLC coating tend to present brittle behavior and high 
hardness. Meanwhile, thick coatings are categorized above 
10 µm 1,4,5. Due to the high internal compressive stress of 
DLC film, to deposit a thick DLC film it is necessary to add 
different elements to the DLC coating, as Si for instance, to 
reduce internal stress 4,5, causing a reduction on hardness 
(doped or alloyed DLC).

Under high loading conditions, a thin coating may collapse, 
mainly due to substrate elastic and plastic deformations, 
resulting in premature failure of the coating. Very thin 
coatings may be undesired because of higher susceptibility 
of substrate influence. On the other hand, excessive thick 

coatings diminishes internal residual stress of the film 
and lowers adhesion to the substrate, resulting in poor 
mechanical and wear properties 1,3. For many applications, 
coating performance is limited by the mechanical properties 
of the substrate material, so smooth hardness gradients are 
desirable for better coating adherence and can be achieved by 
previous treatments, hardening the substrate and improving 
wear lifetime 2,6. Thus, deposited films require mechanical 
support to be provided by the substrate material, granting 
good adhesion and avoiding the so-called “eggshell effect” 6,7. 
Hardness gradients built-up by duplex treatments is common 
to ensure good adhesion, and plasma nitriding has been 
reported as a load carrying improving treatment, providing 
a better support to hard and brittle coatings 7-12.

Ni interlayer and its thickness affect the growth of DLC 
films, thicker Ni interlayer promoted higher growth than 
thin interlayer on DLC film, then Ni interlayer can act as a 
catalytic environment for DLC growth 13. Thick DLC films are 
generated when thicker interlayer are deposited, however, thick 
DLC films presented higher surface roughness and friction 
coefficient than thin films 13. A similar result was reported 
using Cr as interlayer 14, presenting a not linear correlation 
between interlayer thickness and DLC thickness. Therefore, 
soft film are produced from the onset where the film gets 
thick enough to lower hardness and wear properties 13-15.

The correct interlayer distribution and DLC film 
thickness results on a hard coatings. Dorner et al. 15 studied 
three thickness of DLC film, 0.7 µm, 1.5 µm and 3.0 µm. 
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For all conditions hard and brittle case were generated, 
being reported good adhesion and similar wear resistance 
independent of film thickness. The scratch tests depicted 
similar critical loads, with only significant difference at 
the spalling between different DLC film thicknesses, as the 
thickest one presented extensive spalling, forming a larger 
crack net than the thinnest film 15. In addition, the thickest film 
presented adhesive failure, leaving DLC detached particles 
on scratch path, concluding that thin DLC coating present a 
better wear resistance 15. Shahsavari et al. 14 performed several 
scratches tests, obtaining a plastic pattern of deformation for 
thicker DLC film conditions, presenting a blister which was 
reported as poor wear behavior and adhesion of the film.

Thick films, ranging between 0.03 nm to 5.0 nm, presented 
high critical load, high coefficient of friction and increase 
of wear depth, presenting inflections in some cases 16,17. On 
the other hand, DLC coatings with thickness from 10 nm 
to 2000 nm showed an exponential decrease of wear with 
the film thickness decreasing 18, thus, high loads produces 
low wear. A similar trend was reported on coatings with 
thicknesses between 60 nm to 300 nm, resulting in high 
surface roughness and low critical loads as the film thickness 
increased 19. Additionally, the coefficient of friction suffers 
a decreasing trend as thickness increases, as well as number 
of sliding laps increases 19. Moreover, coefficient of friction 
also showed dependence with applied force, resulting in low 
coefficient of friction for thick films when applied low loads, 
and low coefficient of friction for thin films when applied 
high loads 20. Varying thickness from 5.6 nm up to 85 nm, 
a maximum hardness condition was achieve at 46 nm film 
thick 20. Overall, there is a great dependence of tribological 
and mechanical properties on film thickness.

The role of the CrN and DLC film thicknesses on the 
mechanical and tribological properties of coatings is here 
studied. DLC can present high hardness, therefore, several 
treatments were required to guarantee smooth hardness 
gradient and good adherence to a bare quenched and tempered 
H13 tool steel. Thus, to avoid numerous depositions in this 
study, a previous AISI H13 tool steel thermochemically 
treated (quenched, nitrocarburized and tempered) was used 
as the substrate material. Following the nitrocarburization 
treatment, two films (~1-3µm), CrN and DLC, with different 
thicknesses, were deposited by PVD and PECVD processes, 
respectively. A correlation between CrN and DLC film 
thicknesses, mechanical properties, wear and adhesion to the 
substrate were made. Wear tests results were also compared 
with those obtained for the simply nitrocarburized H13 tool 
steel. Light optical microscopy, scanning electron microscopy, 
Raman spectroscopy and nanohardness indentation were 
performed for microstructural characterization. Wear tests, 
scratch tests and Rockwell C adhesion tests were carried 
out for wear assessment.

2. Experimental

Samples of a quenched AISI H13 steel were ground 
and prepared according to ASTM E3 standard 21, grounded 
from mesh 80 to 2000, and polished with chromium oxide. 
Plasma nitrocarburizing treatment was conducted in these 
polished samples. Initially, an argon sputtering was carried 
out to clean the chamber and the samples during 1 hour at 
400°C. Subsequently, a nitrocarburizing procedure was 
carried out at 550°C, for 5 hours, using a 77% H2, 20% N2, 
3% CH4 precursor gas, at 6 mbar. The applied electric current 
was 800 mA, under a 3 kHz pulsed 590 V applied voltage, 
with a 92% duty cycle. Hardness was measured before and 
after nitrocarburizing.

A layer of CrN was deposited on the nitrocarburized 
surface, via PVD. Different times of CrN deposition were 
used to obtain different thicknesses. Afterwards, DLC layer 
was deposited using the PECVD at 180°C. DLC thickness 
increase was according to CrN increased layer thickness, 
as reported in previous studies 13,14.

Argon gas was used for sputtering (cleaning) and 
acetylene as precursor gas for the DLC deposition. Processing 
temperature was 180ºC and the deposition time was 10 h, as 
depicted in Table 1. Two different depths of prior CrN and 
final DLC layers were deposited. Two samples were used to 
evaluate the thicknesses influences on the mechanical and 
tribological properties.

These samples were cut, mounted and their cross sections 
characterized by scanning electron microscopy. Raman 
spectroscopy was carried out to characterize the amount of 
sp2 and sp3 bonds present in the DLC layers.

Wear tests were carried out using a fixed rolling sphere 
method without the use of an abrasive, as proposed by 
Rutherford et al. 22. A quenched 52100 bearing steel, 60 HRC 
hard, 25.4 mm in diameter was used as the sphere, rotating 
at 250 RPM. 0.85 and 2.25 N loads were applied, with 
total testing times of 40 and 60 minutes, respectively. The 
total wear volume (V) was calculated with equation 1 and 
2 through the relationship of cap diameter (d), height of 
material removed (h) and original ball radius (r) according 
to ASTM G99-17 23.

             (Equation 1)

             (Equation 2)

Nanohardness measurements, according to ASTM 
E2546-07 24, were performed using TriboIndenter, using 
a Berkovich type diamond tip. A total of 25 indentations 
on each sample were performed using a 5,000 (N load in a 
single test cycle at room temperature (23° C). The penetration 
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depth during testing did not exceed 120 nm, less than 7% 
of the DLC layer thicknesses.

A good adherence of the coating to the substrate is 
required to grant good wear and friction behaviors. Lack 
of adhesion may allow the formation of interfacial cracks, 
causing premature failure. Scratch tests are commonly used 
to evaluate the adhesion between the deposited coating and 
the substrate. Scratch tests were carried out according to 
ASTM C1624-05 standard 25 , using a universal tribometer, 
with normal progressive force, ranging from 2 to 80 N, at a 
rate of 50 N min-1. A 120º conical Rockwell C indenter with 
a 200 µm tip radius was used in this set of testing, with 3 
tests conducted on each sample.

An additional adhesion test was carried out, using the 
modified Daimler indentation test, according to VDI 3198 26, 
by applying a 1,471 N load on a conical Rockwell C indenter 
with 200 µm tip radius, and comparing the crack pattern 
after unloading with quality indexes given by the standard. 
Rockwell C adhesion test consists in a method of checking 
the adhesion of PVD coatings that relies on observation 
of a Rockwell C indent. The stresses around the rim of a 
normal Rockwell C indent may cause microcracking and 
delamination of the coating. Thereafter, the greatest stresses 
at the rim of the crater taper off radially outward the coating, 
and this affected area gives an indication of the adhesion of 
the coating. A set of 6 standard drawings is used to classify 
the indent as a measurement value 26.

3. Results

3.1 Micrographs

Figure 1 shows the cross-section of the nitrocarburized 
AISI H13 steel with an intermediate PVD deposited CrN 

Table 1. Deposition of interlayer and final coating parameters.

 CrN interlayer DLC coating

Method PVD PECVD

Temperature 150-200°C 180°C

Pressure 10E-1 Torr 5 Torr

Deposition time Depends on thickness 10h

Gas Ar C2H2

Figure 1. SEM images of the cross sections of the coated samples, a) and b) DLC-1, c) and d) DLC-2. Red, yellow and blue arrows 
indicate DLC coating, CrN chromium nitride interlayer and the PNC- plasma nitrocarburized substrate, respectively. 
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Figure 3. Raman spectroscopy highlighting D and G peaks as 
function of carbon bonds. 

Figure 4. Load-displacement curves for DLC-1 and DLC-2 coatings. 

Figure 2. SEM image of the a) film cross section, b) top view. 

layer and an outermost PECVD deposited DLC layer samples. 
DLC-1 sample presented a 0.80±0.17 µm thick intermediate 
CrN layer and a 1.65±0.19 µm thick final DLC coating. The 
DLC-2 sample presented a 3.11±0.05 µm thick CrN layer 
and a 2.43±0.11 µm thick outermost DLC layer. Figure 1a 
and 1b shows the microstructure of the cross section of the 
DLC-1 sample and Figure 1c and 1d the microstructure of 
the cross section of the DLC-2 sample. Figure 2 depicted 
faultless DLC layers, presenting no pores or defects in the 
cross-section. Also, its top view reveals a globular growth, 
as reported 13,27,28

3.2 Raman spectroscopy

Raman spectroscopy curves are presented in Figure 3, 
with presence of the two main peaks, D and G. Both DLC-1 
and DLC-2 depicted wide bands with peaks centered in the 
region of the bands D and G of graphite, due to the high 
degree of crystallographic disorder. The larger the Raman 
spectrum line, the more amorphous the material is, which is 
explained by less coherency of the photons scattered during 
the Raman process due to the lack of crystallinity 1. D peak 
usually appears at 1350 cm-1 and represents the breathing 
vibration mode of disordered graphite, meaning graphite 
presence 1. G peak, around 1580 cm-1 is sensitive to all sp² 
sites vibrations, whether in aromatic rings or chains. The 
I (D) / I (G) ratio obtained from the Raman analyses gives 
a good indication of the presence of more aromatic films. 
Lower ratio values means the presence of less aromatic rings 
inside the film instead of sp² or sp³ chain bonds 1. Samples 
presented a very close I (D) / I (G) ratio, respectively 0.700 
to 0.723 for DLC-1 and DLC-2, indicating a disordered 
amorphous structure containing sp2 and sp3 bonding. The 
higher I(D) / I (G) found in the DLC-2 coating suggests 
higher graphite formation in the DLC-2 coating.

3.3 Hardness

The quenched hardness of the H13 steel was 580 ± 10 
Vickers. The nitrocarburized case was 100 µm deep and 
950 ± 17 Vickers. Nanohardness, Young moduli and depth 
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Figure 5. Sliding sphere wear test in the nitrocarburized condition and after DLC deposition, a) load of 0.85N and b) 2.25N. 

of indentation of the DLC coatings were assessed through a 
one-cycle nanohardness testing with 13 seconds dwell time 
(Figure 4). DLC-1 sample is thinner and presents lower 
hardness and elastic modulus than DLC-2.

3.4 Wear test

A set of tests were performed applying 0.85 N and 2.25 
N load for DLC-1 and DLC-2 samples. The wear tests were 
interrupted at 5 min, 10 min, 15 min, 20 min and 40 min 
for the 0.85 N load and an additional time of 60 minutes 
for the 2.25 N load.

As shown in Figure 5, samples DLC-1 and DLC-2 showed 
better performances, with much less volume loss than the 
just nitrocarburized Q&T H13 steel. Notice also that, for 
the DLC-1 sample, the 2.25 N test load worn the DLC film 
completely, reaching the chromium nitride intermediate 
layer while, in the case of the DLC-2 thicker coating, the 
intermediate CrN layer was not exposed.

Some craters after the wear test are shown in Figure 
6 and Figure 7. Diameters of wear craters of 500 µm, 400 
µm and 900 µm, for DLC-1, DLC-2 and the uncoated AISI 
H13 steel, respectively. The wear crater formed on the 

nitrocarburized Q&T H13 sample reached the substrate 
under both applied load cases. For the 2.25N applied load, 
the nitrocarburized layer was totally worn between 40 and 
60 minutes, equivalent to 800 to 1200 m, increasing the 
wear as shown in Figure 5 (b).

Wear mechanisms of adhesion predominated in early 
stages, accompanied by three-body abrasion. As CrN was 
exposed, two-body abrasion wear mechanism was activated, 
increasing wear rate. A result summary in Table 2 is presented 
as following.

3.5 Scratch Test

Figure 8a and 8b show the result of a scratch test carried 
out on the surface of specimen DLC-1. The normal load (Fz) 
was increased linearly from 2 N to 80 N, black line. Acoustic 
emission (AE), red line, was monitored in order detect the 
formation of the first cracks in the DLC film. The blue line 
(CoF) indicates the apparent coefficient of friction between 
the diamond indenter and the DLC-film.

The scratch tests results reveal the first critical failure 
loads (Lc1) of 49 and 51 N, for the DLC-1 and DLC-2, 
respectively, corresponding to nucleation of the first tiny 

Figure 6. Wear craters formed during wear tests conducted under 2.25 N, 250 RPM, 60 minutes, a total distance of 1197 meters. a) DLC-
1: 500 µm wear crater, with exposure of the CrN intermediate layer, after removal of the DLC film; b) DLC-2: 400 µm wear crater, still 
showing the DLC coating; c) nitrocarburized Q&T H13 steel: 900 µm wear crater showing the exposed H13 substrate. 
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Figure 7. DLC-1 Wear cap, after wear test. Yellow arrows show 
adhesive wear and red arrows show abrasive wear. 

Table 2. Results summary

Sample Cr thickness DLC thickness I(D)/I(G) Hardness Wear Rate 
(2.25N*) Critical Load

DLC-1 0.8 µm 1.65 µm 0.7 24 GPa 6.77E-17 m3/N∙m 49 N

DLC-2 3.11 µm 2.43 µm 0.723 33 GPa 3.88E-17 m3/N∙m 51 N

Figure 8. Results of scratch test carried out on DLC-1 and DLC-2 
coatings. Fz (black), AE (red) and CoF (blue) signals are indicated. 
(a) DLC-1 coating starts failing at a 49 N Lc1 critical load. (b) DLC-2 
coating starts failing at a 52 N Lc1 critical load for the formation 
of the first cracks. CoF varies from 0.08 to 0.15. 

Figure 9. Image of the scratch taken at the mid length of the total 
scratch showing that the DLC film was not removed. Small cracks 
can be seen at the bottom of the scratch forming ~45º with the 
sliding direction. a) DLC-1, b) DLC-2. 

cracks at 45˚ relative to the sliding direction. The second 
critical load (Lc2) could not be detected in both scratch tests, 
carried out under loads up to 80 N. Higher AE value and 
AE oscillation is observed on DLC-2 because of the high 
hardness, so when film delaminates, high energy is released 
in sound form. Also, DLC-2 presented lower apparent CoF 
than DLC-1.

Figure 9a and 9b show the mid-length appearance of the 
scratches made on the surface of DLC-1 and DLC-2 coatings. 
Figure 10a and 10b show the end regions of the scratches 
and 10c and 10d all length after Lc1 scratching. Very small 
spallation regions initiating at the border of the scratch are 
depicted with few heavy spallation after Lc1 for DLC-2.

Scratching tests shows that both DLC-1 and DLC-2 
duplex coatings presented very good adhesion, with Lc1 
critical loads for initiation of the first tiny cracks at the 
border of the scratch of 49 and 51 N, respectively. No Lc2, 
corresponding to film continuous spallation was observed. 
These results can be compared to other studies published 
in literature reporting critical failure loads of DLC films 
deposited on 304L austenitic stainless steel of 24 N using the 
same Rockwell-C indenters with 0.2 mm tip radius 6. Both 
analyzed duplex coatings presented good results, the thicker 
DLC-2 coating being a little bit better than the thinner DLC-1, 
with higher Lc1 - critical load and lower apparent coefficient 
of friction, of 0.07 to 0.16 for the DLC-1 coating and 0.03 
to 0.13 for the DLC-2 below Lc1 regime, indicating that 
harder coatings result in lower coefficient of friction. Both 
DLC-1 and DLC-2 layers presented a very low coefficient 
of friction and this is one of DLC films main characteristics.

During scratching test when Lc1 is reached, cracks start 
to propagate in the DLC coating in a brittle fashion, causing 

its failure. Despite this, the small cracks did not propagate 
circularly, as reported by Zaidi et al. 29 leading to spalling 
of the DLC coating very similar to the spalling observed in 
bulk glass. On the contrary, most of the tiny cracks formed 
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Figure 10. Image taken from the end of the scratch, showing that the DLC film was not removed under an applied load of 80 N. Small 
spallation regions can be seen propagating from the borders of the scratch, forming ~45º with the sliding direction. a, c) DLC-1 and b, 
d) DLC-2.

on the border of the scratch, at 45º with the sliding direction, 
stopped growing once the concentrated load decreased after 
the passage of the indenter. Only on DLC-2 some spallation 
and side material detachment is observed in some spots as 
shown in Figure 10d.

Friction force oscillation is caused by the succession and 
alternation of stages between indenter contact against coating 
layer, increase of contact pressure, microcrack propagation 
followed by coating delamination and drop of contact pressure. 
It can be noticed, because of higher DLC-2 hardness, higher 
forces must be produced to advance the indenter. Once it 
reaches a limit, microcracks are propagated causing spalling. 
This material removal in front of the indenter results in a 
drop of instantaneous force, causing pop ins.

3.6 Rockwell C indentation tests

Figure 11 shows images of the surface of the indentation made 
during a Rockwell C adhesion test (Daimler Benz test) 26 carried 
out using a diamond cone indenter, 200 µm tip radius, under 
an applied load of 1471 N on the DLC-1 and DLC-2 coated 
surfaces. Once the load has been removed, the surface of the 

specimen was observed in an optical microscope in order 
to classify the coating adhesion as HF 1 to HF 6 according 
to the amount of cracking or spallation around the indent, 
as reported in VDI 3198 standard for coating assessment 26.

Good adhesion and absence of delamination depicted 
on Rockwell C indentation test, of samples previously 
nitrocarburized, submitted to PVD deposition of CrN (duplex 
treatment) and PECVD deposition of DLC, granted good 
mechanical support. A smooth transition between the Q&T 
substrate and the DLC aid avoiding an “eggshell effect”, 
despite presented layer thickness. Rockwell C indentation 
test confirms good adhesion, classifying the studied coating 
as HF-1, and once adhesion is good, the wear and spalling 
takes much longer to occur.

4. Discussion

Wear test showed good improvement on component 
lifetime for DLC coated samples compared to the Q&T 
H13 specimen as shown in Figure 5. Also, both DLC-1 
and DLC-2 resulted in very close wear rate and DLC-1 got 
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Figure 11. Images of the indented surface showing only radial cracks, classified as HF-1: (a) DLC-1 and (b) DLC-2. No spalling was 
observed. 

exposed earlier because of a thinner deposited film. The 
initial wear mechanism on wear test was mainly adhesive, 
through galling and cracking of superficial material, removing 
small pieces of material. These loosen particles started to 
act as abrasive, scratching the tested specimen, initiating a 
three-body abrasive wear mechanism along the DLC coating. 
These particles did not adhere to the sliding ball because of 
low chemical affinity and lack of plasticity, which provides 
an excellent galling resistance 30. Once wear reached the CrN 
intermediate layer, CrN was able to adhere to the sliding 
ball and act as a rigid anchorage for the DLC fragments. 
In this stage, two-body microabrasive and microploughing 
wear regimes predominated. Figure 6 shows the abrasive 
mechanism by highlighting ploughing lines formed only 
along the width of the exposed CrN wear track (Figure 6a); 
near the edges of the exposed CrN the formed ploughs are 
less intense, suggesting that it has shortly started because 
CrN layer just got exposed. Figure 6a shows wear test cap 
revealing adhesive wear on DLC and abrasive wear mainly 
on the exposed CrN due to removed CrN material acting 
as anchorage for DLC fragments. In addition, Figure 6c 
exhibits nitrocarburized H13 higher material removal by 
combination of adhesive and abrasive wear, exposing H13 
substrate. Similar description is made in other studies where 
brittle particles penetrate DLC, causing small detachments 
and these new free particles act as abrasive as well 10,15. 
Therefore, once substrate is reached, wear rate will present 
a significant increase.

Scratching analysis corroborates with the hardness once 
the acoustic emission of DLC-2 sample has higher values 
compared to DLC-1. This demonstrates brittle character of 
rupture due to greater hardness of DLC-2 sample, producing 
higher acoustic emissions. It has been reported that harder 

substrates show better adhesion and produces higher acoustic 
emission when film delamination occurs 31.

Conversely, it was reported that thinner layers presented 
lower sliding wear rates as well as higher interface 
adhesion 32,33. It is important to point out that hardness is 
the main parameter to determine adhesion and wear. In both 
studies 32,33 it was also presented among the studied samples 
a thicker layer with higher hardness than a thinner layer, that 
resulted in better wear resistance and interface adhesion. The 
present work discusses the difference between two CrN/DLC 
multilayer concerning tribologic and mechanical properties 
as a function of layer thickness. As expected, the thickest 
one was the hardest layer, presenting lower wear rate, higher 
critical load for spallation, higher elastic modulus and lower 
apparent coefficient of friction.

Furthermore, it is likely that, between two different 
layer thickness but considering similar composition and 
mechanical properties, the thicker one would last long to wear 
and reach substrate because of its size. However, changing 
thickness of films also change several properties along. It 
is important to highlight that thinner layers may present the 
“eggshell” effect, due to the high residual stress and intense 
gradient of mechanical properties. In addition, considering the 
recommendation of not exceeding a penetration/deformation 
deeper than 10% to avoid substrate influence, it is important 
to notice that thinner layers at a certain size would produce 
little or no improving effect on the substrate as the 10% layer 
thick would just be too small, becoming merely insignificant.

5. Conclusions

1.  Despite the thickness difference of CrN and DLC 
layers, both coatings presented good adhesion 
according to Daimler Benz test classified as HF-1.
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2. In this study, the thicker CrN interlayer promoted 
the growth of a thicker DLC film. Also, the thicker 
CrN and DLC layer decreased more the influence 
of substrate and preserved the compressive stress 
inherent of DLC film, presenting higher hardness 
and better wear resistance.

3. Both DLC coatings presented low coefficient 
of friction measured during linear scratch tests. 
However, the harder DLC coating presented failure 
in brittle fashion, and showed few spallation during 
scratching test. Both coatings presented high critical 
loads during scratching test (49 and 51N).

4. Nitrocarburizing followed by duplex coating, 
consisting of PVD deposited CrN layer, followed 
by PECVD DLC layer, resulted in a significant 
improvement in wear-lifetime compared with the 
nitrocarburized H13 tool steel.
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