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Here, the effect of adhesion of CrN hard coatings on modified 42CrMo4 steel substrate is presented. Modifications of the substrate
are shot peening, nitriding, shot peening, and nitriding joined process. In the shot peening process, two variable process parameters were used: exposure time (t) and air pressure (p). The nitriding process was conducted in the following parameters:
nitriding potential Np � 4.86, nitriding time tn � 3 h, and temperature process T � 530°C. Modified substrates were characterized by
surface hardness HV5 and hardness profiles on the cross section of samples and by surface roughness parameters. On such
prepared substrates, the CrN coating was deposited. The adhesion of CrN coating on modified substrates was defined by the
scratch test. Chemical and phase composition of the films was determined using EDS method and X-ray diffraction, respectively.
The surface hardness of deposited films was also defined. The substrate of 42CrMo4 steel without mechanical and heat treatment
coated by hard CrN film was used as a reference.

1. Introduction
Adhesion and hardness of thin coatings are the most
important quantities that determine the various applications. Qualitative assessment of both of these parameters
allows understanding the properties of the coatings, as well
as their contribution to the development of others. Among
numerous techniques used to evaluate the adhesion of the
coating to the substrate, the scratch method is the most
commonly used which allows to get quantitative image of
adhesion. Critical load is defined as the force at which the
coating is removed from the substrate, and it depends on
many factors, including the hardness of the coating and the
substrate, film thickness, roughness of the coating and the
substrate, and the type of the substrate material [1, 2]. On
the one hand, it depends on the deposition technology of
thin coatings and, on the other hand, on scratch test parameters (diamond indenter radius, the intenders travelling speed, and load increase rate). Some of these factors
also affect the results of another test—qualitative assessment of the durability of the coating, the Daimler–Benz

test. Both of these methods are complementary and provide
a deeper assessment of the phenomena affecting the adhesion of the coating.
Among the plastic treatments modifying the surface
layer, the shot peening plays an important role. During the
process of shot peening on the treated surface dynamically,
peening elements work in the form of balls (steel, glass, and
ceramic). This method is used only as a strain hardening
treatment. It is irreplaceable for machining limp and/or
thin-walled objects, where the use of large static forces is
impossible due to the deformation of the shape of the
workpiece. Furthermore, after machining, the layer shows an
increase in defects in the structure—dislocations, texture,
shape, and size of the grains [3]. Shot peening is a method to
improve the resistance of metal pieces to fatigue by creating
regions of residual stress.
The results of thermochemical treatments are the layers
formed by diffusion introducing a foreign element, which
forms compounds (nitrides, borides, etc.) with very varied
properties. Gas nitriding, one of the most common surface
treatments used, consists in introduction of a nitrogen atom

2
into the surface layer of the steel object usually thermally
enhanced. The source of atomic nitrogen is ammonia, which
dissociates at a temperature of nitriding on atomic hydrogen
and nitrogen. The most important feature of the nitrided
layers, especially on alloy steels, is their high hardness. The
maximum hardness is achieved at low-temperature nitriding
(500–520°C), since at these temperatures, finely nitrides of
alloying elements are formed.
The nitriding at elevated temperatures, in which nitrides
of larger dimensions and lower coherence with the substrate
are formed, leads to a reduction in hardness. Another advantage of nitriding is the possibility of protecting the
surface against corrosion; to this purpose, so-called anticorrosive nitriding is used. In order to meet the above requirements, it is necessary to select the parameters of the
nitriding process which enable the formation of a nonporous surface carbonitrides zone with a thickness of several
micrometers protecting steel against corrosion. Nitrided
layer also has a sufficiently high resistance to fatigue [3–5],
abrasion [3], and cavitation erosion.
Each of the analyzed surface treatments is widely used in
various industries (automotive, machinery, and aerospace).
For several years, attempts have been made to their sequential use, in particular to the connection of nitriding and
PVD processes or shot peening and nitriding. Nitriding of
steel and PVD coating deposition have been the subject of
many publications [6–9] as shot peening and PVD coating
deposition [10, 11]. To ensure good adhesion of coatings to
the substrate nitrided, the formation of so-called “white
layer” of iron nitrides ε-Fe2-3N i c′-Fe4N [12] on the surface
should be reduced or completely eliminated. The improvement of the performance of tools and machine parts
was obtained after the deposition of hard thin coatings on
them, which significantly alter their properties. Chekour
et al. [6] emphasized that the nitriding has a significant effect
on the increase in durability. Tools with only CrN coating
show 1.3 times higher durability compared with the uncoated tools. Nitrided substrates with CrN coating increase
the tool’s durability fourfold.
Chromium nitride has a relatively low coefficient of
friction, good wear resistance, and high corrosion resistance.
Due to the excellent resistance to abrasion, chromium nitride coating has been used as the coating on tools for
cutting, milling, and threading of components made of titanium and its alloys, brass, copper, and other nonferrous
metals, covering molds, stamps, and machine parts. Chromium nitride is characterized by high chemical resistance
and has a very low affinity for nonferrous workpieces. These
coatings can be prepared by various PVD including arc and
magnetron techniques [13].
One of the critical parameters in the selection of the type
of coating on the tool is the adhesion of the coating to the
substrate. The hardness of the coating affecting the wear resistance, fracture toughness [7], structure, or the coefficient of
friction will have little significance when the adhesion of the
coating to the substrate is insufficient. Low adhesion results in
an almost immediate flaking off of the coating on contact of the
tool with the workpiece. It is the adhesion that characterizes
the ability of the coating-substrate system to load transfer.
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The energy of chemical bonds, the processes at the substratecoating interface such as mutual diffusion of atoms, and the
substrate surface development are responsible for the adhesion. Reducing the surface roughness promotes the growth of
adhesion [14].
Liu et al. [10] found that the hard coating or surface
hardening increases wear resistance. It should be remembered
that the brittle surface layer accelerates the initiation of cracks
and reduces the fatigue life. In this case, it is helpful; for
example, shot peening treatment increases considerably the
material fatigue resistance.
One of the most important trends in surface engineering
includes activities aimed at improving the mechanical
properties of the coating-substrate systems. Additive synergistic effect can be achieved by combining existing surface
treatments, such as mechanical with thermochemical or
searching for new solutions. In particular, the objective of
this study was to find an answer to the question of whether
favorable changes in the properties of the substrate material resulting from the combined process of burnishing
(shot peening) and gas nitriding are achieved.
In the present work, the adhesion of CrN thin coatings
deposited on the substrate, previously modified by cold
working (shot peening) or thermochemical treatment
(gas nitriding) and by the combined process of shot
peening and nitriding, was tested. As a reference, the
ground substrate was used.

2. Experimental
The tests were conducted on samples made of 42CrMo4
structural steel with the following chemical composition (wt.%):
C (0.22), Si (0.35), Mn (0.70), P (0.01), S (0.001), Cr (1.12), Mo
(0.26), and Fe balanced. All samples were hardened and tempered. The hardening was carried out for 8 min at a temperature
of 845°C and tempering at a temperature of 620°C for 120 min.
After that, the hardness of the samples increased from 93 HRB
(19 HRC) to 30 ± 1 HRC.
2.1. Surface Modification. Quenched and tempered samples
were subjected to shot peening, nitriding, and combined
shot peening and nitriding process.
In the shot peening process, the shot marked as SW170 of
a diameter of 0.43 mm and a hardness of 470 HV was used.
The head of a diameter of 5.3 mm, positioned 200 mm from
the shot-peened substrate, was also used. Shot peening was
performed at 120 s, 360 s, or 600 s, under the air pressure of
0.45 MPa.
The nitriding was conducted in a laboratory furnace with
a vertical quartz retort of a diameter of 50 mm using the
following process parameters: temperature T � 530°C, nitriding time tn � 3 h, nitrogen potential Np � 4.86, and nitriding atmosphere 70% NH3 + 30% H2. After the nitriding
process, the samples were cooled down in the furnace.
CrN coatings were deposited using cathodic arc evaporation on the 42CrMo4 steel substrate. The substrate
surface was previously modified by shot peening or nitriding
or by the combined process of shot peening and nitriding.
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Before PVD process, the substrates were cleaned in an ultrasonic
alkaline bath and then placed on the turntable in the working
chamber at a distance of 18 cm from the arc source. The vacuum
chamber vas evacuated to the base pressure of 1 ×10−3 Pa. The
substrates were heated up to a temperature of 300°C. Before the
deposition of the coating, the substrates were cleaned by ion
etching of metal ions at a voltage of 600 V for 10 minutes, and
the argon pressure in the chamber was maintained at 0.5 Pa to
remove weakly bonded particles on the surface. The improvement in the coating adhesion to the substrate was
obtained by deposition of the thin chromium layer with
a thickness of about 0.1 µm directly on the substrate. The
coating deposition was carried out with a substrate bias voltage
bias of −150 V, arc current of 80 A, and the nitrogen pressure of
1.8 Pa. Rotation speed of the table was 2 min−1.
2.2. Sample Characterization. The chemical composition of
the CrN coating was determined using EDX (Oxford Link
ISIS 300). The X-ray diffraction (XRD) with a glancing angle
(ω  3°) and Bragg–Brentano geometry was recorded on an
X’Pert PANalytical device using Cu-Kα radiation in the
range of 2 theta angles between 30 and 120°. The grain size
was calculated using Scherrer’s formula [15]. Due to instrumental peak broadening, 0.2° for silicon standard, the
Warren–Biscoe correction method was used [15].
The phase composition of the nitrided layer was determined by X-ray phase analysis. One aim of this analysis
was to determine the volume fraction of the µ and c′ phases
in the layer. For this purpose [16], the adjusted intensities of
the main diffraction lines of the phases and iron ({101}-ε,
{200}-c′, and {110}-α-Fe) were used. Layer thickness was
calculated from the formula resulting from the absorption of
Beer’s law:
g

lnI0 Iα sinθ
,
2μ

(1)

where I0 is the diffraction line for initial state sample, Iα the
diffraction line for nitrided sample, µ the linear absorption
coefficient for the nitride layer, and θ the Bragg angle.
The studies of the sample structure on the cross sections
were conducted on a Neophot 2 optical microscope, and the
morphology studies on a Jeol JSM 5500LV scanning electron
microscope were conducted. For the surface quality evaluation, the Nikon Eclipse Imaging MK200 optical microscope,
equipped with Imaging Software NIS-Elements software, was
applied. The data were automatically collected for quantitative
and dimensional analyses of the macroparticles. All images
were taken at the same magnification (400x), the same
contrast, sharpness, and threshold of sensitivity. The measurements were taken for each sample at five points, located
on a line at an equal distance from each other.
Hardness measurements on cross sections of the samples
were determined by the Vickers method under the load of
0.1 kgf (0.98 N). For measuring the surface hardness, the loads
of 0.5 kgf (4.903 N) and 5 kgf (49.03 N) were applied. The
measurement was performed 15 times for each load, at different
locations on the surface of each sample. The hardness of CrN

coatings was determined using a FISCHERSCOPE® HM2000
nanoindenter with the indenter penetration depth of about
0.2 µm. The results were averaged based on 10 measurements.
The coating stresses were determined using Stoney’s
formula [17]:
σ

E
t2 1 1
· s  − ,
1 − ] 6tf R Rs

(2)

where E is the Young modulus of the substrate, ] the Poisson
coefficient of the substrate, tf the thickness of a layer, R the
radius of the substrate curvature together with the coating,
and Rs the radius of the substrate curvature. The curvature
radius was calculated from the data obtained from the
surface roughness analyzer (Hommel Werke Profilometer
T8000). For this test, a silicon substrate of 0.3 mm thick,
30 mm long, and 4 mm width covered by CrN coatings was
applied.
Surface roughness measurements were performed using
a Hommel Tester T8000 profilometer.
The adhesion of the coatings was determined using the
scratch test (CSEM Revetest® Scratch-Tester) with a Rockwell type C diamond indenter. It was moved at a speed of
10 mm/min by linearly changing the load from 0 to 100 N at
100 N/min. Critical load Lc1 was defined as the force at
which the first damage of the coating was observed, and Lc2
was determined as the load at which the total detachment of
the coating from the substrate was observed. This load was
determined by observing using an optical microscope with
an average of at least three measurements. To check the
adhesion of the coatings, the Daimler–Benz test [4] was also
used. It depends on the assessment of the coating damage
caused by the Rockwell intender pressed with constant
load (ca. 1470 N  150 kgf) in the substrate-coating system.
Depending on the type and quantity of the coating damage,
it is assigned to one HF1 to HF6 groups, where HF1 to HF4
show good adhesion to the substrate and the marks HF5 to
HF6 show poor adhesion.

3. The Test Results
3.1. Properties of the Surface Layer after the Shot Peening
Process. As a result of the shot peening process, surface
layers were obtained, whose properties were characterized,
among others, through the study of surface roughness,
surface hardness, and the hardness distribution on the cross
sections of the samples.
In Figures 1 and 2, obtained by SEM, the characteristic
change in the geometry of the surface after shot peening
process can be seen. From the analysis presented in pictures,
it ensures that the increase in the value of the exposure time t
increases the number of traces in the form of pits on the
surface of the workpiece (Figure 1). It is shown explicitly in
Figure 2, which presents the results of the roughness
measurements.
The value of surface roughness parameter, Ra, of the
samples before the shot peening had been 0.29 µm, and for
the samples after shot peening, the value was in the range
from 5.24 to 5.91 µm. The presented data show that the
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surface roughness parameter, Ra, increased by about 20 times
after the shot peening process, as compared to the surface
roughness in the initial state. The lowest value of the parameter (Ra  5.24 µm) was obtained in the case of shot
peening surface with the shortest exposure time of 120 s, while
the highest Ra  5.91 µm was obtained for the longest exposure time 600 s. It follows that, with increasing exposure time,
the surface roughness of shot-peened steel increases. In the
same shot peening process, parameter ratio of roughness Rt
and Rz is 17 times. Because of the roughness of the surface,
hindering the performance of subsequent testing adhesion of
CrN, all samples were polished to Ra about 0.029 µm.
The degree of deformation of the layer obtained by shot
peening is different from that of the material in the initial
state. The analysis of metallographic pictures shows that, as
in the case of changes in surface roughness (Figure 2), there
is an increase of crumple zones (Figure 3) with the increase
of exposure time.
As a result of shot peening, the structure was obtained
(Figure 3) with visible irregular deformations of layers,
which has resulted from the repeated hitting of balls on the
surface of the material being processed. The peening process
also caused essential, from the strength properties point of
view, microstructural changes in the surface layer (Figure 3).
As a result of the applied heat treatment of steel (Section 2.1),
a sorbitic structure was obtained. For burnished steels with
sorbitic structure the formation of fine-grained amorphous
surface layer containing separated high-dispersive carbides
is characteristic. This layer is difficult to etch. Both the
thickness of this layer and the amount of the carbide present

Surface roughness parameter (µm)

Figure 1: Metallographic photos taken on SEM: (a) initial substrates; (b) shot-peened substrate (t  120 s, p  0.45 MPa); (c) shot-peened
substrate (t  360 s, p  0.45 MPa); (d) shot-peened substrate (t  600 s, p  0.45 MPa).
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Figure 2: The parameters of surface roughness after grinding
process (initial state) and after shot peening process.

in it are dependent on the degree of deformation and increase with the increase of degree of deformation [18].
In surface layer on account of its characteristic structure
zone, smaller or larger differences (gradients) of virtually all
elastic and plastic properties occur, represented by the increase
of hardness. The surface hardness was measured on all samples
subjected to shot peening process with the parameters set in
Section 2.1. Comparing the results of changes of surface
hardness (Figure 4) and structural changes (Figure 3), it can be
concluded that the shot peening process causing larger changes
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Figure 3: Photos taken on a cross section of an optical microscope: (a) sample ground, larger 50.4x; (b) shot-peened sample (the process
parameters: t � 120 s, p � 0.45 MPa); (c) shot-peened sample (the process parameters: t � 600 s, p � 0.45 MPa).

in the structure of the surface layer results in simultaneous
larger increase of surface hardness (Figure 4). Moreover, the
analysis of the obtained results indicated that the process
parameters for assumed maximum increment of surface
hardness amounted to 216 HV5, representing an increase of
72% relative to the hardness of the samples in the initial state.
The surface hardness of the shot-peened sample in time 120 s
amounted to 427 HV5 (relative to hardness of the sample in
the initial state 299 HV5), extra time for shot peening causes an
increase of hardness to 515 HV5.
The essence of the shot peening is a direct impact of
peening elements on the treated surface. The surface layer is
therefore characterized by high hardness, diminishing with
the distance from the surface (Figure 5). To determine the
hardness of the shot-peened zone, additionally, the measurements of hardness at a load of 0.5 kg (4.9 N) were taken
(Figure 4). In this case, the analogous character of changes in
hardness was obtained, compared with the larger load (5 kg).
The determined values are higher by about 150 HV0.5. It
should be noted that the depth of penetration of the indenter
into the surface hardened zone was about 8 µm. The higher
load, where depth of penetration was around 20 µm, includes
a zone of varying hardness values, which results in a lower
hardness value.
On the basis of measurements on the hardness of the
cross sections of samples (HV0.1) before and after shot
peening, hardness profiles were also determined. Figure 5
shows a hardness profile characteristic for this type of
treatment, on which relatively small changes in hardness
were observed. Hardness distribution curve indicates the

area of enhanced zone extending about 180 µm from the
surface. Shorter times of shot peening cause the reduction
of the hardness but the hardness profiles are similar. Simultaneously with time reduction of shot peening, the
depth of the enhanced zone is smaller. The research [18]
concludes that sorbitic steels have the least capacity to
strengthening by deformation of superficial (15% strengthening). This is related, among others, with lower susceptibility
of fine-grained steel structures (sorbitic steel) to cold plastic
deformation. Despite the small ability to strain hardening,
sorbitic steels are treated by burnishing.
The surface layer formed in the shot peening process is
characterized by a high density of structural defects, such as
dislocations. In the surface layer, fragmentation into smaller
grains also occurs. From the viewpoint of forming a nitrided
layer, defecting the structure, which makes easy diffusion
paths, affects the growth of kinetics. The defected surface in
shot peening process determines the phase of nucleation of
iron (carbo)nitrides zone. Plastic deformation and gradients
forming stress have also influenced the process of diffusion
of nitrogen atoms to the center of the material and carbon
toward the surface.
3.2. The Properties of the Surface Layer after Shot Peening and
Nitriding Process. In the next stage, shot-peened samples
were treated by nitriding in time tn � 3 h (2.2). The properties
of the layers were determined, as in the previous case, by
measuring the surface hardness and the hardness distribution on the cross sections of the samples. In addition,
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Figure 4: The surface hardness of the sample in the initial state and
after the shot peening process.
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Figure 5: Distribution of microhardness profiles µHV0.1 in
samples before and after shot peening.

structural studies and phase changes of the nitrided layer by
optical microscopy and X-ray diffraction were conducted.
The nitrided layer produced in the process consisted of
the external zone of the phase composition ε(Fe2–3N) and
c′(Fe4N) and the zone of internal nitriding, so-called a diffusion zone. From the analysis of X-ray diffractions presented in Figure 6(a), it comes out that the use of shot
peening process as an additional treatment prior to nitriding
causes changes in the volume fraction of phases ε and c′ in
iron (carbo)nitrides zone. For shot peened samples, compared to surface unmodified by plastic treatment samples,
one can observe increased ε phase content in iron (carbo)
nitrides zone. The ε phase content is 67 and 54%, respectively
(Figure 6(b)). Consequently, the thickness of iron (carbo)
nitride zone grows faster on samples in which the surface
layer was modified by shot peening process (Figure 6(c)).
Samples subjected to nitriding process retained variation
of hardness caused by various times of shot peening process. These results are illustrated in the bar graph shown
in Figure 7. As shown, in the case of samples subjected only
to nitriding process, there was an increase in hardness of
402 HV5 (299 HV5 initial state), an increase of 134%.
After the shot peening process and then nitriding, the variation in hardness values was, as already mentioned, 216 HV5
after shot peening, and increased to the amount of 248 HV5.
Maximal increase of 471 HV5 in hardness was recorded for
the sample shot peened at time t  360 s and then nitrided,
compared with the sample that was only shot peened in
which the hardness amounted to 477 HV5 (Figure 4).
Hardness profiles (Figure 8) after the combined process
are characterized by a shape similar to that obtained after the
shot peening process. If a process is combined, the area of
enhanced zone reaches about 250 µm from the surface. An
increase in hardness in the surface zone of approximately 85
HV0.1 on samples of the combined shot peening and nitriding process was observed. Moreover, hardness profiles
are characterized by greater gradient of hardness after
combined process compared to the hardness profiles designated after the nitriding process (Figure 8).

3.3. Adhesion of the Coatings on Modified Substrates
3.3.1. General Remarks. CrN coatings deposited on
42CrMo4 steel substrates: pure and after thermochemical
treatment and/or shot peening are characterized by a uniform thickness throughout the area of its occurrence, good
adhesion to the substrate material, and a compact structure
without visible delamination. There are no areas of weak
adhesion of the coating to the substrate. Basic properties of
the coatings summarized in Table 1 are comparable to data
presented by other authors [19].
Mechanical properties (H, E) of CrN coatings (Table 1) are
similar to those presented in [20, 21]. Compressive stress
amounted to 1.4 GPa is relatively small compared to 8 GPa [21]
or 5 GPa [22]. Similar value of stress −1.2 GPa is shown in [23].
For single-phase monolayer coatings, macrostress is connected with microstructural damage caused by high-energy ion
bombardment during film growth (internal stresses) and
mismatch of the thermal expansion coefficients of the coating
and the substrate (thermal stress) occurring during cooling
from a deposition to room temperature [24]. The value of
thermal stress σ th can be calculated using the formula [24]
ECrN
σ th 
× αCrN − αsub  × Tdep − T0 ,
(3)
1 − ]CrN
where ECrN is the Young modulus of CrN coating, ]CrN the
Poisson ratio of CrN coating, αCrN the thermal expansion
coefficient of CrN, αsub the thermal expansion coefficient
of substrate, Tdep the deposition temperature, T0 the room
temperature.
The thermal stress in CrN coating-Si substrate system
amounts to about −0.1 GPa and for CrN coating-steel
substrate system about −0.7 GPa. It indicates that the internal compressive stresses for CrN-steel substrate system
are higher of about 0.6 GPa and reaches about 2 GPa.
On the surface of the coating, macroparticles and
craters can be observed (Figure 9). The macroparticles are
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Figure 6: The phase composition of (carbo)nitride zone after nitriding process and after combined shot peening and nitriding process
presented by means of X-ray diffraction pattern (a), distribution of volume contents of ε and c′ phases in a compound layer (b), and the
(carbo)nitride zone thickness (c).

characterized by different sizes, from fractions to some
micrometers (Figure 10).
It was found that the macroparticle density decreases with
the increase in size above a maximum of around 0.25–0.5 µm.
Only a small number of particles are found below 0.25 mm. The
particles with the size of 1 µm constitute about 72% of all
particles. The macroparticles are the typical effect of the deposition technique applied, that is, cathodic arc evaporation,
and their quality depends on the deposition parameters [25, 26].
The composition of the coatings was determined by means
of the EDX method. These measurements confirm the presence
in the coating, obtained at a nitrogen pressure of 1.8 Pa, of
chromium and nitrogen in an amount of about 48 at. % and 51
at. %, respectively (Figure 11). This proportion is typical for

cubic CrN phase [27]. Creation of chromium nitride was then
confirmed by X-ray studies. It must also be noted that, in all
samples, about 1 at. % of oxygen was recorded.
3.3.2. X-Ray Phase Structure Analysis. Figure 12 shows the
diffraction pattern of the obtained CrN coating. All identified diffraction lines, that is, (111), (200), (220), (311), (222),
etc., are characteristic in cubic phase of chromium nitride.
Diffraction lines from the substrate are not visible due to the
identification method—grazing incidence X-ray diffraction.
The observed diffraction lines are shifted about 0.3–0.5°
toward the lower angles with respect to the ICDD data. This
is related to the compressive stress in the layer caused by ion
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Table 1: The properties of CrN coatings on 42CrMo4 steel.
Thickness (μm)
1.8 ± 0.2
Hardness, H (GPa)
23.6 ± 0.8
Young’s modulus, E (GPa)
285 ± 8
H/E index
0.082 ± 0.005
Stress, σ (GPa)
−1.4 ± 0.2
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Figure 9: SEM image of CrN coating surface in EDS analysis.
700

Size distribution of macroparticles (µm)

bombardment during the deposition process. A similar
diffraction pattern is shown in [28–31]. The size of the
crystallites, calculated using Scherrer’s formula, in the
coating is about 10 nm.
The diffraction pattern (Figure 12) indicates the difference in the preferred orientation compared to the standard
(ICDD 11-0065). It can be noted that the highest intensity is
for (111) and then for (200) diffraction line. The intensities of
the remaining diffraction lines are close to one another, but
more than 10 times less than the intensity of the (111) line. It
should be noted that according to the ICDD, the intensity of
the diffraction lines is as follows: (111)-80%, (200)-100%,
(220)-80%, (311)-60%, (222)-30%, (400)-30%, and (420)50%. It means that the coating is textured. The values of the
texture coefficient, Tc, for the planes are proportional to the
number of grains oriented with the corresponding crystallographic plane parallel to the sample surface. The texture
coefficient Tc(hkl) indicates the relative degree of preferred

Figure 10: Size distribution and macroparticle density of the CrN
coating on 42CrMo4 steel substrate.

orientation among crystal planes. It was calculated using the
following equation [32]
Tc(hkl) 

I(hkl)Io (hkl)
,
1/n · ∑n1 I(hkl)Io (hkl)

(4)

where I(hkl) is the diffraction line intensity from the (hkl)
plane for the textured sample, Io(hkl) the respective intensity corresponding to the bulk CrN data from JCPDS
File number 11-0065, and n the number of diffraction
lines analyzed.
The Tc(hkl) data are gathered in Table 2. The value
of the Tc is proportional to the number of preferentially
oriented (hkl) planes. Tc(hkl) close to unity indicates
a randomly distributed powder sample, and Tc(hkl) > 1
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Figure 11: The EDS analysis of CrN coating from area shown in Figure 9.
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3.3.3. Adhesion of the Coatings. Of many methods for determining the adhesion, one of the simplest and widely used is
a scratch test. This method is characterized by a relatively
short measurement time and high repeatability of easily interpretable results, and it simulates the load (stress) occurring
during the use of the product with the coating. Applying
a linearly increasing normal force to the coating-substrate
system tested generates a stress, which may have both a tensile
and compressive character. These stresses commonly affect
the stresses arising in the coating occurring as a result of
difference in thermal expansion coefficients of the substrate
material and the coating. After exceeding the critical value
of stress, the coating is removed—this corresponds to the
critical load Lc. Such damage is an adhesive. Damage to
the cohesion of the layer-substrate system occurring
outside the surface of the layer-substrate contact shows
good adhesion of the coating to the substrate. The sliding
of a loaded diamond indenter on the coating is accompanied by plastic deformation of the substrate and
pressing the indenter into the coating. There is also a shear
force acting on the indentation-coating boundary.
Damage to the coating can take several forms such as
cohesive, adhesive, or conformal crack, coating delamination
from the substrate, chipping, flaking off, etc. [33]. The variety
of possible defects of the coating in the scratch test makes
consistent interpretation of results difficult.
Figure 13 shows the results obtained from the scratch
tests carried out on CrN coatings deposited on the substrate

(111)

1200

0
40

60

80

100

120

0
Diffraction angle 2θ ( )

Figure 12: Diffraction pattern of the CrN coating on the steel
42CrMo4 substrate.
Table 2: The Tc(hkl) texture coefficient for CrN coating.
(hkl) plane (111) (200) (220) (311) (222) (400) (331) (420)
Tc(hkl)
5.76 0.44 0.35 0.36 0.13 0.56 0.14 0.26

without shot peening and on the modified shot peening
substrates. All samples were characterized by the critical
force Lc2 in the range of 35–40 N, comparable to the critical
force of the coating on the substrate in the initial state. As
shown in Figures 1(b)–1(d), after shot peening, the surface
layer was not compact, which resulted in a high surface
roughness (Figure 2). In this case, prior to deposition of the
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Figure 13: The friction force for a progressive load scratch test on CrN coating deposited on substrate without shot peening and after shot
peening with different treatment parameters plotted versus the applied load.

Sample
Initial state

t = 120 s

Shot peened, p = 0.45 MPa
t = 360 s

t = 600 s

Figure 14: A fragment of the scratches corresponding to the load from the range of 37–42 N for CrN coatings deposited on shot
peening–treated substrates and the untreated substrate.

coating, surface grinding was performed in order to improve the quality of the surface and reduce the roughness.
Hardness measurements performed showed that the hardness of the substrate was reduced by about 50 HV0.5. Despite the increase in the hardness of the shot peening
processed substrates, there was no difference in the critical
load Lc of the samples. Detailed analysis indicates even
a slight decrease in the critical load for the sample with the
longest time of shot peening, 600 s. This may result from
greater number of defects in the structure, increasing the
surface hardness.
Comparison of coating damage in scratch test is rather
difficult because of the different properties of the coatingsubstrate system tested. Film thickness, hardness of the
substrate, and the stresses arising at the diamond indentercoating interface are the main factors that have an impact on

the critical force Lc [2]. Therefore, the measurements were
performed for systems in which the coatings show the
uniform thickness of (1.8 ± 0.2) µm. The strong effect on
the adhesion of the coating to the substrate, determining the
critical load Lc, is adequate for substrate surface preparation.
Particularly important is the ionic cleaning, conducted directly before the coating process, which removes the surface
oxide layer and the weakly bonded impurities. The procedure was used for the deposition of the coatings studied.
Figure 14 shows the photos of scratches made with a load
of 37–42 N and the damages of the coatings. It was found
that in all the coatings, there is brittle fracture, particularly
evident in the bottom and the edge of the scratch. In the case
of a coating deposited on the substrate after shot peening
treatment (600 s), it can be observed as definitely getting the
most spallings in the track of friction.
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Figure 15: The results of the scratch test of the CrN coating on nitrided substrate and substrates subjected by combined shot peening and
nitriding processes, nitriding time tn � 3 h.
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Figure 16: A fragment of the scratches corresponding to the load in the range of 60–65 N for CrN coatings deposited on nitrided substrate
and combined shot peening and nitriding process-treated substrates.

Substrates after successive shot peening and nitriding show
much higher hardness (about 50%) than after the shot peening
process. This certainly contributed to the observed (Figure 15)
increase in the critical load, that is 60–67 N, and for a substrate
only nitrided, even 74 N. The slightly lower value for the
substrate with the largest shot peening time is probably connected with the lower surface hardness (Figure 7). The nature of
these changes, that is, a relationship of substrate hardness and
critical force was previously presented by Ichimura and
Rodrigo [1]. Slightly lower critical load for the CrN coating
deposited on the substrate subjected to shot peening and nitriding treatment compared to the nitrided substrate results
from the nature of the surface layer after these treatments. After
shot peening, there is a large development of the substrate
surface (higher roughness, Figure 2), and nitriding impairs the
condition. The parts of the machined surface are weakly

associated with the core result in lower adhesion of the coating
to the substrate.
The photos of the scratches performed for loads in the
range of 60–65 N (Figure 16), at the same magnification,
show the slightly different nature of the coating damage
than those shown in Figure 16. CrN coating cracks are
smaller due to the cohesive coating cracking and/or
bending of the coating in the direction of the motion
of a diamond indenter.
The flaking off of the coating which may lead to partial
exposure of the substrate or even force in coating into the
substrate can be seen. Gas nitriding of the substrate (first
stage of treatment causes an increase in its hardness) limits
the fragmentation of coating by the restriction of the substrate plastic deformation. The total detachment of coating
from the substrate was not observed.
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Figure 17: Failure modes after Daimler–Benz test (left column) and 3D visualization of the selected indent morphology (right column) for
CrN coatings deposited on (a) initial substrates, (b) shot-peened substrate (t � 600 s, p � 0.45 MPa), (c) nitrided substrate (tn � 3 h), and (d)
shot-peened (t � 600 s, p � 0.45 MPa) and nitrided substrate (tn � 3 h).

Rockwell diamond indenter movement may cause plastic
deformation of the coating and the substrate. Despite this,
there is no delamination of the coatings. Similar observations
in the complex of nitriding and PVD thin coating deposition
processes were reported by Chang et al. [34]. This indicates
the excellent toughness and adhesion of coatings.
An easy-to-use test for the evaluation of hard coating
adhesion to the substrate is the Daimler–Benz test. The

examination shall cover an area both inside and outside
the indentation in terms of the type of coating damage:
radial cracks, angular intersecting cracks, coating delamination, or the combination of its defects. In the hard
coatings with good coherence arise only small radial
cracks if any. These coatings with good adhesion do not
exhibit delamination neither in indentation nor in its
direct surrounding. The test results for CrN coatings
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deposited on different substrates without any treatment,
after the shot peening treatment, nitriding, and the
combination of the nitriding and shot peening treatments
are shown in Figures 17(a)–17(d), respectively. For a proper
evaluation the images of coating-substrate systems are presented in the same magnification. One can see the different
“responses” of the substrate-coating system on the load. In
Figures 17(a) and 17(b), there is a so-called pile up of
substrate materials on the border of the coatingindentation resulting in peripheral cracks. These effects
can be seen in the accompanying 3D images, which also
reveal a number of radial cracks and the chipping of the
coating inside the indentation. In Figure 17(c) illustrating
the test result for a coating deposited onto the nitrided
only substrate, previously described damages to the
coating are not present. 3D image of the sample shows
a smooth surface within the indentation. CrN coating
deposited onto multistage- (shot peening and nitriding-)
treated substrate (Figure 17(d)) shows a few radial cracks
which are also revealed in the 3D image.
The test results confirm a very good adhesion of the
coating to the nitrided substrates. The substrate subjected
also to shot peening treatment, despite higher hardness,
shows a greater amount of damage. Thus, a process of nitriding in the multistage substrate treatment is crucial to
improve the adhesion of the coating to the substrate. The test
results confirm those obtained with the scratch test.

4. Conclusions
The use of modern technology significantly improves the
tool materials. These modified substrate-coating systems
provide a significant increase in service performance, both
for dry cutting and at high cutting speeds.
In this study, the substrates were modified by machining
(shot peening), by thermochemical treatment (nitriding),
and by the combination of these two processes. A thin hard
CrN coating was deposited on different substrates modified.
To assess the adhesion, the scratch test and the Daimler–
Benz test were used. The results are as follows:
(a) In the shot peening process, depending on the
process parameters, the hardness of the material
increases by about 50%. With increasing the shot
peening time, the hardness also increases. Simultaneously, the surface roughness parameters Ra also
significantly increases (about 20 times).
(b) The substrates subjected to a combined treatment
consisting of the shot peening and nitriding show
a hardness of about 50% higher than after the shot
peening and about 40% higher than after the nitriding. The highest hardness was obtained for the
following parameters of shot peening: pressure of
0.45 MPa and time of 360 s. Elongation in shot
peening time resulted in a hardness decrease of about
50 HV0.5.
(c) Surface modification processes used increase adhesion of the coating, which is due to the increase of its
hardness.
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“Anti-wear multilayer coatings based on chromium nitride for
wood machining tools,” Wear, vol. 270, no. 1-2, pp. 32–38,
2010.
[24] M. Odén, J. Almer, and G. Håkansson, “The effects of bias
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