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Abstract: Wear of nonstandard involute gears with two types of coatings, AICrN and CrAISiN,
was studied. The coatings were applied by cathodic arc deposition. The gears were tested using
a Niemann tester at a graduated load up to the 12th load stage and were compared to noncoated
gears. Both Biogear S150 gear oil and PP90 universal hydraulic oil were applied during these
tests. The thickness of deposited coatings and wear of gear teeth were studied by SEM and their
chemical compositions were determined by EDS analysis. Maximal contact pressure of 1350 MPa
was calculated in the region of the tooth flank at the 12th load stage. Maximal frictional stress was
also calculated on the tooth flank. The resistance against wear of gears was evaluated based on the
critical weight loss and mainly based on the critical surface roughness of gears. The critical roughness
was exceeded at the 10th load stage for noncoated gears. For the gears with AICrN and CrAISiN
coatings, the critical roughness was exceeded at the 11th load stage. Wear of AICrN and CrAISiN
coatings was nonuniform along the height of tooth. Wear on the tooth flank was characterized by
fragmentation of thin coatings and subsequent detaching of fragments from the steel substrate. The
steel substrate was worn by microcutting, which caused the highest roughness on the tooth surface.
On the tooth pitch, surface protrusions of coatings were smoothed, and coatings cracked and locally
detached subsequently. On the tooth face, surface protrusions were also smoothed but coatings
remained compact without crack initiations. Both experimental oils, Biogear 5150 and PP90, proved
to be suitable during Niemann tests as their temperatures did not exceed the limit value of 80 °C.

Keywords: coating; gear; wear; roughness

1. Introduction

The involute gear is one of the most widespread and most widely used gears in
industrial production. We distinguish between standard involute gearing (LCR—Low
Contact Ratio) and a nonstandard involute gearing with long teeth (HCR—High Contact
Ratio). LCR and HCR differ in geometric parameters of the basic profile. In general, for
a correct mesh of a spur gear with straight teeth, it must be true that there is still more
than one pair of teeth in mesh. In standard LCR gearing, the teeth come into contact in
single-pair or double-pair mesh. The distribution of the normal force for LCR gearing
is shown in Figure 1 and for HCR in Figure 2 [1]. From the comparison of these figures,
different normal forces in pitch regions of the teeth can be seen. In standard LCR gearing,
the normal force in this region is maximal, but in HCR gearing it is minimal. This is caused
by larger number of teeth in the mesh in HCR gearing compared to LCR gearing. Thus,
in HCR gearing, the load is distributed to a larger number of teeth than in LCR gearing.
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A larger number of teeth in the mesh results in reduction in the load of the teeth in the
contact and in the bending. HCR gears are also quieter in operation than LCR gears [2].
For these reasons, HCR gears have begun to be used more in gear boxes in the automotive
industry [3], despite having a higher slip ratio compared to LCR gears. In the case of
coated HCR gears, this higher slip ratio increases the risk of the coating separation from
the substrate [4].

Figure 1. The normal force distribution for LCR gear.
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Figure 2. The HCR gear normal force distribution and spots for coating evaluation.

Contact pressure is the most important parameter and influences the load capacity
and wear resistance of contacting surfaces in gear and bearing mechanisms. The contact
pressure is influenced by several factors such as lubricant and manufacturing errors, but
the most important factor is the surface roughness. The roughness of the surface greatly
affects the contact pressure in bearing systems [5]. However, in gear mechanisms, the effect
of the surface roughness is less important and can be neglected during simulation as the
measured contact pressures in the gear mechanisms does not differ significantly from the
calculated ones [6-8].

Technological approach to the increase in load capacity of gears involves various so-
phisticated technologies, including chemical and thermal treatment methods [9]. The wear
resistance of steel parts is usually increased by application of surface coatings [10], which
are resistant to enhanced temperatures [11], corrosion [12] and complex load conditions [13].
The progress in surface engineering has enabled applications of several deposition methods
such as PVD, CVD, and PACVD, with the aim of increasing surface bearing capacity of
gear teeth [14,15]. Deposition of hard thin coatings on the gear tooth surface is one way of
increasing the surface bearing capacity of the teeth, which enables one to increase the load
capacity of gears while maintaining their required lifetime [16,17].

The choice of a suitable coating for application in gears represents a demanding
process due to the specific conditions at tooth contact during meshing. This process is
impacted by several factors. The coatings should be resistant to high pressures during gear
meshing and to high temperatures, up to 450 °C. They should be inert to mineral, synthetic
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or ecologic lubricants. They must have sufficient adhesion on gear tooth surface and small
friction coefficients. These properties are fulfilled by chromium nitride with aluminum
(AICrN), which is characterized by high wear resistance [18] and oxidation resistance [19].
The AICrN coatings have good adhesion to steel substrate [20]. Significant increase in
lifetime of gears can be expected by application of coatings consisting of chromium nitride
with aluminum and silicon (CrAlSiN) [21,22]. CrAIlSiN has higher hardness and wear
resistance at room temperature [23,24], as well as at enhanced temperatures [25], compared
to AICrN coatings.

AICrN and CrAlSiN coatings could be deponed by CVD methods, which requires high
deposition temperatures from 900 to 1000 °C [26-28]. The application of high temperatures
decreases hardness of a substrate significantly. The accuracy class of gears decreases by
two degrees due to deformation. Thin AICrN and CrAISiN coatings could be deponed
using PACVD methods, which require lower deposition temperatures compared to CVD
methods (620-650 °C) [29-31]. However, this lower temperature decreases hardness of
substrate from hardened steel. The accuracy class of gears decreases by one degree.

The AICrN and CrAlISiN coatings could be deponed using PVD methods in the tem-
perature interval from 400 to 450 °C. For deposition of these coatings, the radiofrequency
sputtering method [31,32] is rarely used—magnetron sputtering [33-36] is more frequently
used. The cathodic arc deposition is the most significant method of PVD deposition for
AICrN and CrAlSiN coatings [37-44].

Before the coating’s deposition, close attention should be paid to the preparation
of substrate surfaces. Substrate surface preparation is described in [45,46]. The effect of
contamination of substrate surface on quality of substrate-coating interface is detailed and
analyzed in [47].

In our work, we focused on wear analysis of coated HCR gears, which are char-
acterized by a high slip ratio. Wear of these gears has not been studied yet. The wear
was evaluated on two types of coatings, AICrN and CrAlSiN, which were applied to the
involute HCR gears made of ASTM A576-B1 (C55) steel substrate.

2. Materials and Methods

Experimental gears were made of ASTM A576-B1 (C55) steel which contains 0.57-0.65% C,
0.5-0.8% Mn, 0.15-0.4% Si, max. 0.04% P, and max. 0.4% S. This type of steel is suitable
for surface hardening. It is used to produce less loaded gears, pins, spindles, and machine
parts, requiring enhanced abrasion resistance. For the deposition of coatings, a roughness
Ra below 0.8 pm is required on the gear tooth surface (as demanded by the supplier). To
achieve the required roughness, the gears were preceded by a running-in procedure in
as-rolled condition. Subsequently, the gears were heated to 800 °C and quenched in oil then
tempered at 450 °C and cooled in air. The high tempering temperature (450 °C) hinders
the subsequent tempering during relatively long dwelling at the deposition temperature
during deposition of the coatings.

The tooth surfaces were cleaned before the coating’s deposition. Gears were removed
by alkaline substance in water solution using ultrasonic cleaner. Consequently, the surfaces
were washed up with demineralized water, blown using a hot air blow gun and dried
in a vacuum chamber. The materials of coatings were chromium nitride with aluminum
(AICrN) and chromium nitride with aluminum and silicon (CrAISiN). Both coatings were
applied by cathodic arc deposition using PLATIT, Pi411 equipment (PLATIT AG, Selzach,
Switzerland) in a nitrogen atmosphere. The AICrN coating was created by deposition of Cr
and Al targets at bias voltage of 50 V, nitrogen pressure of 4 Pa, and substrate temperature
of 450 °C for 8 h. The CrAlSiN coating was created by deposition of 65A1-35Cr and 82Al-
18Si targets at bias voltage of 70 V, nitrogen pressure of 4 Pa, and substrate temperature of
450 °C for 6 h. The same heat treatment was applied for gear without coating.

The same coatings were deposited on disk samples, which were used for measurement
of hardness, wear, and friction coefficient of coatings. These samples had a disk with a
diameter of 100 mm. Nanohardness was measured using a Berkovitch nanoindenter with
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force of 5 mN. Wear resistance and friction coefficient of AICrN and CrAlSiN coatings
were measured by the ball on disc method using a tribometer, CSM Instruments (Nanovea
Inc., Irvine, CA, USA). The wear tests were performed in dry conditions with Al,O3 balls
at a load of 1 N, sample rate of 80 mm.s~!, and on a trajectory with the final length of
100 m. The wear resistance of samples was determined based on the volume loss of the
samples, which was measured by the material weight loss of samples and calculated using
density of coatings. The friction coefficient was calculated from the frictional and normal
force fraction.

The load-bearing capacity of experimental coatings was determined by a Niemann
tester with enclosed power flow [48]. This method is equivalent of the ASTM D5182-19
standard [49]. The testing device was made in the workspace of authors at the Institute
of Transportation Technology and Design. Coated and noncoated HCR gears were tested
at the gradual load stage, which was characterized by gradually increasing torque. The
torque value was 2.5 Nm at the 1st load stage, 366.1 Nm at the 10th load stage, 445.4 Nm
at the 11th load stage, and 518.5 Nm at the 12th load stage, which was the maximal load
applied during the Niemann tests. The resistance of gears in the 12th load stage guarantees
unlimited lifetime of tested gears in gear systems.

Experimental gears were tested in interaction with OMV Biogear 5150 lubricant (OMYV,
Vienna, Austria) with an equivalent SAE90 number. The lubricant is environmentally
friendly, and apart from gears it is suitable for bearings in agriculture machines [50]. The
second tested lubricant was PP90 hydraulic oil (SLOVNAFT, a.s., Bratislava, Slovakia) with
the same equivalent SEA90 number, but with universal application. The aim of testing
PP90 oil was to verify its application in gears.

Distributions of stresses and contact pressures on gear tooth surface were calculated
using the finite element method in ANSYS software (Ansys, Inc., Canonsburg, PA, USA).
Based on [51,52], a static load was supposed during this simulation.

The wear of gears is represented by critical scuffing load stage during the Niemann
test, which can be determined by two criteria. One criterion of the Niemann test evaluation
corresponds to the weight loss of 10 mg in two successive load stages [48]. This criterion is
suitable mainly for gears without applied coatings [53,54]. The maximal roughness of worn
gear tooth surface Rz exceeding a value of 7 um is the other criterion for the evaluation
of the Niemann test. The wear of gears evaluated by roughness has been studied in
several works [55,56]. This evaluation method is suitable for localization of wear on the
most exposed parts of gear tooth surface. The roughness of experimental gear teeth was
measured by contact with a diamond sensor using a Mitutoyo SJ-201 roughness tester
(Mitutoyo Corporation, Kawasaki, Japan).

The thicknesses of applied coatings and wear of gear teeth were observed and docu-
mented by scanning electron microscopy (SEM) using a JEOL JSM-IT300 microscope (JEOL
Ltd., Tokyo, Japan). The wear of gear teeth was studied in three spots on the face, pitch,
and flank of tooth, which are indicated in Figure 2. These spots were chosen to study the
relationship between distribution of load, coating thickness, and wear extent. On the tooth
tip, the chemical composition of coatings was measured as in this region coatings had
the highest thickness. Chemical composition of coatings was measured by EDS analysis
with an Oxford Instruments X-Max 20 spectrometer (Oxford Instruments NanoAnalysis &
Asylum Research, High Wycombe, UK) on a JEOL JSM-IT300 microscope.

3. Results and Discussion
3.1. Microstructure of Applied Coatings

The thickness and surface of AICrN and CrAlSiN layers are documented in Figures 3 and 4,
respectively. Both layers had the maximal thicknesses on tooth faces (Figures 3a and 4a) and
the thicknesses decreased towards the tooth flanks (Figures 3b and 4b). Average thickness
of the AICrN layer was 5.3 um on the tooth face and 1.2 um on the tooth flank. Average
thickness of the CrAlSiN layer was 3.7 pm on the tooth face and 0.7 um on the tooth
flank. Ragged surfaces of both layers can be seen in Figures 3c and 4c. The maximal
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thickness of the layer on the plane tooth face is the consequence of the most favorable
conditions for sputtering beam on this part of tooth. On other tooth parts, the access of
the sputtering beam to the tooth surface is hindered by the evolving incurvature. These
hindered sputtering conditions are the consequence of a decrease in layer thickness from
the tooth face towards the tooth flank. The deposition parameters were chosen based
on results and experience of operators of arc deposition PLATIT, Pi411 equipment, and
they can be found in [41]. Lower thickness of the CrAlSiN layer was caused by higher
number of sputtering targets used at deposition of the CrAlISiN layer in comparison with
the AICrN layer.

(b)

Figure 3. Cross section of tooth with AICrN coating on tooth face (a) and tooth flank (b), surface of AICrN coating (c).

Chemical compositions of both layers were measured by EDS analysis. The EDS
analysis of AICrN layer in Figure 5 shows 40.0 wt.% of nitrogen, 32.7 wt.% of aluminum
and 25.3 wt.% of chromium. The EDS analysis of CrAISiN coating is in Figure 6. The
concentrations of nitrogen, aluminum, chromium, and silicon in the CrAISiN layer were
51.0,26.1, 21.5, and 1.3 wt.%, respectively.

The results from nanohardness measurements and wear tests are compared for both
coatings in Figure 7. The average nanohardness values of the AICrN and CrAlSiN coatings
were 36 and 45 GPa, respectively. The nanohardness values of both coatings match with
volume losses measured at ball on disc wear tests. The volume loss of AICrN layer is
higher and its wear resistance is lower as the AICrN layer is softer when compared with
CrAlSiN layer.
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Cr 420 03
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N 253 03

Figure 5. EDS analysis of AICrN coating.

The development of the friction coefficient with the sliding distance for both coatings is
shown in Figure 8. Stable friction coefficient value up to the sliding distance of 20 and 40 m
can be seen for AICrN and CrAISiN coatings, respectively. Friction coefficient values
increased after these sliding distances due to the wear of the tested coatings. The stable
friction coefficient of the AICrN coating (0.33) is higher compared to CrAlSiN coating
(0.25). The CrAlSiN coating should offer higher wear resistance in gear mechanisms due
to the lower friction coefficient, higher hardness, and lower wear of the CrAISiN coating
compared to the AICrN coating.
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Figure 6. EDS analysis of CrAlSiN coating.
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Figure 7. Nanohardness and volume loss of AICrN and CrAlSiN coatings.

0,6
—e— AlCIN

0,5 1 - & = CrAISiN
=)
3
5 04
k5
003 - - A7
oY _‘__._A-'
S k——h-—hA--hA-— A -
20,2 -
"=
[N

0,1 A1

0 L) Ll L) Ll
0 20 40 60 80 100

Sliding distance (m)

Figure 8. Development of friction coefficient with sliding distance for AICrN and CrAlSiN coatings.

3.2. Distribution of Load on Gear Tooth Surface

Distribution of stresses and contact pressures on the gear tooth surface during trans-
mission of torque was simulated using the finite element method in ANSYS software. The
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static contact between the gear and pinion was simulated considering the simultaneous
contact of meshing teeth using 3D finite element model. To obtain the stress—strain state
over the entire surface of the tooth, the calculation was carried out in several positions
of the gear and pinion, wherein each new calculation was performed when the gear was
turned by an angle of 1/20°, which made it possible to obtain 100 design points along the
entire investigated gear tooth surface. The computational model consisted of segments
of gears that are in mesh, with five teeth on the gear and pinion, which is documented in
Figure 9. A fine finite element mesh was created in the contact zone of the tooth with an
element size (0.2 mm) comparable to the size of the contact patch. The thickness of this
zone with a fine finite element mesh was 1 mm. The contact zone with a finite element is
documented in Figure 10. Material properties of C55 steel were used in the finite element
model, with a Young modulus of 2E11 Pa, Poisson’s ratio of 0.3, frictional coefficient of 0.05.
The roughness of the contact surface was neglected during simulation as the contact pres-
sure in the tested gear would not have differed significantly from the calculated ones, since
the roughness of the contact surfaces of experimental gear was Ra below 0.8 um. Different
types of FEA elements were used for modelling in specific parts of gears. The CONTA174
and TARGE170 elements were used for modelling of contact faces. The SOLID186 ele-
ment was chosen for the rest of the model gear. The COMBIN14 element was selected
for soft contact between contact surfaces and the MPC184 FEA element was chosen for
axial mounting gearwheels. The calculation was performed with 265,000 elements and
1.16 million nodes.

L
/‘J 1/20 deg

Figure 9. The model gear with the applied load and constraints.

Figure 10. The finite elements in the contact zone.
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The distribution of contact pressure for HCR gears is depicted in Figure 11. The
distribution of contact stresses on the tooth face in Figure 11 does not correspond with
the distribution of contact force in Figure 2. It is caused by contact of teeth profiles with
different radiuses in a given point of meshing.

Tip

Face

Pitch

Flank ™

Figure 11. Contact pressure distribution along HCR gear tooth.

Based on the results of previous experiments [15-17], the contact pressures on the gear
tooth surface (tooth face, tooth pitch, and tooth flank) were calculated at the 10th, 11th, and
12th load stages during the Niemann test of HCR gears (Table 1).

Table 1. Contact pressure on HCR gear tooth at different load stages.

10th Load Stage 11th Load Stage 12th Load Stage
Tooth face 766 MPa 925 MPa 1100 MPa
Tooth pitch 815 MPa 960 MPa 1170 MPa
Tooth flank 940 MPa 1130 MPa 1350 MPa

From Table 1, it is evident that the highest contact pressures were calculated on the
tooth flank and the lowest contact pressures on the tooth face. However, the difference in
the stresses between tooth face and tooth pitch is insignificant due to the small difference
between the radiuses of meshing profiles. High contact pressure (Table 1) and low thickness
of layers (Figures 3b and 4b) on the tooth flank indicate that tooth flanks are the most
exposed areas of gear tooth surface. The distribution of frictional stresses along the gear
tooth surface is depicted in Figure 12. The value of zero regarding frictional stresses on
the tooth pitch is evident from Figure 12. The values of frictional stresses on the gear tooth
surface at the 10th, 11th, and 12th load stages during Niemann tests of HCR gears are
shown in Table 2. Low frictional stresses can be read from Table 2 even at the 12th load
stage during the Niemann test. However, the highest frictional stresses were calculated in
the most exposed areas on the tooth flank.

3.3. Macrostructure of Worn Gear Teeth

Worn gear tooth surfaces with AICrN and CrAlSiN coatings and contact pressure
distribution along the HCR gear tooth are shown in Figures 13 and 14, respectively. The
gear tooth (G) and pinion tooth (P) are indicated in these figures. The wear extent of gears
(Gs) is smaller compared to pinions (Ps) in Figures 13 and 14 due to more intensive load of
pinions than gears. This is why the progression and mechanisms of wear were only studied
on pinions. Worn pinion teeth showed similar characteristics with both types of coatings.
Horizontal microcuts occurred in tooth flank regions (marked by red arrows) after the 12th
load stage during Niemann tests. The microcutting is more intensive on the surface of the
pinion with the CrAlSiN coating compared to the AICrN coating. The areas on the tooth
pitch were smoothed. The tooth face areas contain the rest of horizontal grooves created
during chip machining of the gear tooth.
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Figure 12. Frictional stress distribution along the gear tooth.

Table 2. Frictional stresses on HCR gear tooth at different load stages.

10th Load Stage 11th Load Stage 12th Load Stage
Tooth face 5.5 MPa 6.7 MPa 8 MPa
Tooth pitch 0 MPa 0 MPa 0 MPa
Tooth flank 6.9 MPa 1.1 MPa 10 MPa

Contact
pressure

N —

Figure 13. Wear of gear (G) and pinion (P) with the AICrN coating and contact pressure distribution
along the HCR gear tooth.

Contact

~_ pressure

Figure 14. Wear of gear (G) and pinion (P) with the CrAISiN coating and contact pressure distribution
along the HCR gear tooth.
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3.4. Temperature of Lubricants during the Niemann Test

Suitability of a lubricant in a gear system can be evaluated by its temperature increase
during load of the gear. Operating temperature of a lubricant should not excess 80 °C.
The evolution of temperature for Biogear 5150 and PP90 experimental oil is compared in
Figure 15 during testing of gears with AICrN and CrAISiN coatings.

80
70 4 | —@—AICrN/5150
60 4| % = AICrN/PP90 LZ

—— CrAlSiN/S150

]
o
1

- 4 - CrAlSiN/PP90

Temperature increase (°C)
] w Y
o o o

=
o

o

3 4 5 6 7 8 9 10 11 12
Load stage (-)

Figure 15. Temperature of Biogear 5150 (5150) and PP90 (PP90) oils during Niemann tests of gears
with AICrN and CrAlSiN coatings.

The temperature of Biogear S150 oil increased with the loading stage for both coatings
in Figure 15. The temperature of the PP90 oil was higher at all load stages when compared
to the Biogear S150 oil, but it did not exceed 70 °C after the 12th load stage. Based on
the small effect of the oil type on the temperature increase, the next experiments were
performed only with Biogear S150 oil.

3.5. Weight Loss of Gears during the Niemann Test

The progress in weight loss of the gear without coating (C55) and with AICrN (AICrN)
and CrAlISiN (CrAlSiN) coatings are compared in Figure 16 in terms of dependence of load
stage during the Niemann test. Both gears were tested in Biogear 5150 oil. The weight
loss exceeding 10 mg in two successive load stages represents the scuffing resistance of the
gear. It was detected after the 11th load stage for the gear without a coating, which means
resistance against scuffing up to the 10th load stage. The gear with the AICrN coating
reached the critical weight loss value after the 10th load stage, so the scuffing resistance
is up to the ninth load stage. Accelerated wear of the gear with AICrN coating after the
ninth load stage is probably caused by gradual separation of the coating from the steel
substrate from the tooth flank towards the tooth pitch while peeled fragments of AICrN
coating represented the increase in the weight loss of gear. For gear with CrAISiN coating
the weight loss exceeding 10 mg was registered after the eighth load stage, so the scuffing
resistance up to the seventh load stage was determined. This is probably caused by gradual
fragmentation and peeling of fragments of the thin CrAlSiN layer, first at flank region.
Wear of the steel substrate in the area of peeled layer contributed to the significant wear of
gear after the 10th load stage.
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Figure 16. Weight loss of gear without (C55) and with AICrN and CrAISiN coatings.

3.6. Roughness of Gear Tooth Surfaces

The weight loss is a proper criterion for evaluation of scuffing resistance at steady
wear of gear, but it is not suitable for identifying local wear of coatings. The local wear
was detected by measuring roughness on tooth face, pitch, and flank. The evolution of
average values of maximal roughness Rz on tooth face is shown in Figure 17 in terms of
dependence of the load stage for gear without (C55) and with AICrN (AICrN) and CrAISiN
(CrAlSiN) coatings. Figures 18 and 19 show the development of average roughness Rz on
tooth pitch (Figure 18) and tooth flank (Figure 19) in terms of dependence of load degree
for gear without (C55) and with AICrN (AICrN) and CrAISiN (CrAlSiN) coatings. All
points plotted in Figures 17-19 are the average values calculated of 10 measurements.

10
--&--C55
8 - —@— AICrN 'J‘
- @ - CrAISiN ,"
T 6
=
x 4
2 -
O T L] L] L] L]

0 2 4 6 8 10 12
Load stage (-)

Figure 17. Roughness Rz on tooth face for gear tooth without (C55) and with AICrN and CrAlISiN coatings.
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10
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8 —@— AICIN A
-,
- B - CrAISiN s

Load stage (-)

Figure 18. Roughness Rz on tooth pitch for gear tooth without (C55) and with AICrN and
CrAlSiN coatings.

10
-=A=-=-C55 If‘
---*-_‘*"--“s\ !’
8 i “u, —e— AICTN s
-~ ~ . A
- _ ~ - H - CrAlSiN /
E 6 1 - \‘ “-.. ("
3 N “-—‘-‘--“A--.__*--_"‘
& 4 -
2 E g -8 _g
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0 2 4 6 8 10 12

Load stage (-)

Figure 19. Roughness Rz on tooth flank for gear tooth without (C55) and with AICrN and
CrAlSiN coatings.

The roughness on tooth face of coated gears in Figure 17 decreased slightly over the
whole test, but it increased for noncoated gear after the 10th load stage of the Niemann test.
All average roughness values of coated gears were below the critical value of 7 um. The
last roughness value of noncoated gear exceeded 7 pm, which means that the tooth face of
noncoated gear does not guarantee the resistance against the scuffing at the 12th load stage
of the Niemann test.

The development of roughness on tooth pitch of all gears in Figure 18 slightly de-
creased up to the fifth load stage. In the interval from the 5th to 10th load stage, the
roughness decreased more rapidly. The decrease in roughness was the consequence of
smoothing of surface protrusions during tooth meshing. After the 10th load stage, the
roughness of coated gears increased slightly, with all values below the critical value of
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7 um. The roughness of noncoated gear increased rapidly after the 10th load stage and it
exceeded the critical value of 7 um after the 11th load stage of the Niemann test.

The roughness on the tooth flank of the noncoated gear in Figure 19 was significantly
higher compared to coated values at all measured load stages. High roughness values on
the tooth flank of the noncoated gear, exceeding the criterion of 7 um from the beginning
of the test up to the fourth load stage, were the consequence of imprecision during chip
machining of the gear. When testing in the interval from the 5th to 10th load stage, the
roughness decreased below the critical value in consequence of smoothing of surface
protrusions during tooth meshing. The roughness increased rapidly after the 10th load
stage and exceeded the critical value of 7 um after the 11th load stage. The roughness on
the tooth flank of coated gears decreased from the start of the test up to the eighth load
stage and measured values of both coatings intersected. After the eighth load stage, the
roughness of coated gears increased. The average values of roughness did not exceed the
critical value of 7 um, but individual measurements exceeded 7 um at the 12th load stage.

For all tested gears, increased roughness values at the test start are the consequence of
chip machining of the gears. Subsequent roughness decrease is caused by smoothing of
surface protrusions of the surface layer. The final increase in roughness at the test end is
caused by wear of layer at the increased load stage. Based on the test results, the noncoated
gear can be considered resistant against scuffing up to the 10th load stage of the Niemann
test. The AICrN and CrAlSiN coatings guarantee the resistance of HCR gears against wear
by scuffing up to the 11th load stage of the Niemann test.

3.7. Microstructure of Worn Gear Teeth

Figures 20 and 21 depict the cross-section of teeth with AICrN and CrAlSiN coatings
and distribution of elements in both layers, respectively. The cross-sections of both teeth
document the interface between the worn layer and steel substrate after finishing the
Niemann test. Booth interfaces were located near tooth pitch. The area distribution of
elements creating the layers (Figures 20 and 21) highlights locations of damaged coatings.
The area distribution of Fe represents the steel substrate of gears. Some cracks are visible in
layers and marked by red arrows in Figures 20a and 21a. Cracked layers fragmented, and
some fragments peeled subsequently. High contact pressure on gear tooth surface (Table 1)
facilitated gradual peeling of layers from the steel substrate, despite low frictional stress
(Table 2).

(a) (b)

Figure 20. Cont.
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Figure 20. EDS analysis of the tooth cross-section with AICrN coating—distribution of elements: (a) cross-section of tooth
with AICrN layer (SEM); (b) area distribution of N; (c) area distribution of Al; (d) area distribution of Cr; (e) area distribution
of Fe.

T0pm

(@) (b)

Figure 21. Cont.
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(d)

» i -' i
' 10pm '

(e) (f)

Figure 21. EDS analysis of the tooth cross-section with CrAlSiN coating—distribution of elements: (a) cross-section of
tooth with CrAlSiN layer (SEM); (b) area distribution of N; (c) area distribution of Al; (d) area distribution of Si; (e) area
distribution of Cr; (f) area distribution of Fe.

The fragmentation and peeling of layers are evident from Figure 22, where the interface
between the depleted AICrN coating (C) and steel substrate (S) is documented. The peeling
of coatings is indicated by weight loss in Figure 16. In areas where the layer was removed,
significant wearing of steel substrate occurred. This was demonstrated by microcutting of
steel substrate on tooth flank, which was more intensive for the CrAISiN coating (Figure 14)
than for the AICrN coating (Figure 13).

While the coatings were completely removed on the tooth flank, discontinuous areas
of coatings were observed on the tooth pitch. Low thickness of the deponed CrAISiN
coating (1.8-2.5 pm) on the tooth pitch caused more intensive wear compared to the AICrN
coating, with a thickness of 2.4-2.9 um on the tooth pitch. An almost compact region on the
tooth pitch with the AICrN coating is documented in Figure 23. In this figure, smoothing
and subsequent cracking (marked by red arrows) of the depleted layer (C) can be seen. The
AICrN layer was removed only in few locations.

A discontinuous AICrN coating (C) and steel substrate (S) on tooth pitch are doc-
umented in Figure 24. Plastically deformed substrate spread on the coating surface
(Figure 24), which contributed to the decrease in roughness on the tooth pitch.
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Figure 24. Steel substrate (S) spread on the AICrN coating (C) on tooth pitch.

The lowest wear was measured on the tooth face. The surface of worn AICrN coating
on tooth face is shown in Figure 25. In this figure, a compact layer can be seen, but
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protrusions of the deponed layer were smoothed during the tests, which is confirmed by
the roughness degrease on the tooth face with the graduated load stage in Figure 17.

Figure 25. Worn AICrN coating on tooth face.

Wear of gear tooth with CrAIlSiN coating showed similar characteristics on tooth face,
pitch, and flank as wear in the case of AICrN coating and therefore it was not documented
in detail. Literary sources [16-19] presume longer lifetime of CrAISiN coatings than AICrN
coatings. Values of hardness, wear resistance and friction coefficient should confirm these
presumptions. However, in our experiments CrAlSiN coating worn more significantly
than AICrN coating. The reason for this is lower thickness of this layer. The layers with
thicknesses below 2 pm cracked during experiments, and consequently they wore more
quickly compared to thicker layers. The CrAlSiN coating consisted of a significantly higher
ratio of sections with thicknesses below 2 um compared to the AICrN coating.

Total resistance of coated gears against scuffing was represented by a roughness
Rz below 7 um after the 12th load stage of the Niemann test was not achieved in our
experiments. The critical roughness was exceeded in individual cases after the 12th load
stage of the Niemann test for both coatings. The reason for this is significant wear of tooth
flank, which was caused by fast removal of relatively thin coatings and subsequent wear of
the steel substrate. Thereafter, microcutting of substrate was observed, and this caused an
increase in roughness Rz above the critical value of 7 um in individual cases.

Complete resistance on the whole gear tooth surface, including tooth flank, against
wear by scuffing could be achieved by deposition of a uniform coating with a thickness
over 2.5 um. Therefore, in the next experiments it will be necessary to modify deposition
parameters of coatings—for example, by prolongation of the deposition time or by increase
in nitrogen pressure.

4. Conclusions

Nonstandard involute gears with two types of coatings, AICrN and CrAlSiN, were
tested using a Niemann tester at graduated load up to the 12th load stage and compared to
noncoated gears. Both Biogear S150 gear oil and PP90 universal hydraulic oil were applied
during these tests. Resistance of gears against wear by scuffing was evaluated on the basis
of maximal roughness of worn surface Rz when exceeding the value of 7 pm. Based on
the Niemann test results, simulation of load of gears and observation of worn gear teeth
following conclusion can be confirmed.

The maximal contact pressure of 1350 MPa was calculated at the maximal, the 12th,
load stage in regions of tooth flank, where the lowest coating thickness was measured.
Maximal frictional stress of 10 MPa was calculated in tooth flank regions too.
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During the evaluation of wear of gear teeth, a positive effect of applied coatings was
observed. Deponed layers decreased the wear of coated gears compared to gears without a
coating. The critical roughness value was exceeded after the 10th load stage of Niemann
test for gears without a coating. For gears with AICrN and CrAlSiN coatings, it was
exceeded after the 11th load stage during the Niemann test.

Both experimental oils, Biogear 5150 and PP90, proved suitable during the Niemann
tests as their temperatures did not exceed the limit value of 80 °C.

Wear of AICrN and CrAlISiN coatings had similar characters. The coatings cracked
in areas of low coating thickness due to the application of contact pressure during tooth
meshing. Subsequently cracked layers disintegrated and fragments of layers detached from
the steel substrate. The layer wore predominantly on the tooth flank where the thinnest
layer was observed and where maximal contact pressure was calculated. After the removal
of the thin layer on the tooth flank, the substrate was worn by microcutting, which caused
significant increase in its roughness. At the tooth pitch region, the surface protrusions of
coatings were smoothed. Later, the coatings cracked but peeled only locally. On the tooth
face, the surface protrusions of applied coatings were smoothed during the tests, but the
coatings remained compact during the whole test.

Total resistance of coated gears against wearing by scuffing could be achieved by
deposition of uniform coating with a thickness over 2.5 um on the whole gear tooth surface,
including the tooth flank.
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