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COMPARISON OF TRIBOLOGICAL PROPERTIES OF HCR
GEARS COATED BY PVD COATING TiAIN+DLC
IN BIO-FRIENDLY AND CONVENTIONAL
LUBRICATION ENVIRONMENTS

A. @ypcmensennep, @. Tom, M. Kaouap, FO. Pycuax, M. Bowancku, M. Mpas. IlopiBHsinHs TpuGoioriyanx BiaactuBocteii HCR
niecTepeH 3 BHCOKHM KOHTaKTHUM Koedimieatom PVD mnokpurrsim TIAIN+DLC B 6Giosioriyeux i 3BHYAHMX MaCTHJILHHX
cepefoBHINAX. Y TPEICTABICHOMY HAayKOBOMY €KCIEPHMEHTI iiaeTscs mpo 3actocyBanHs nokputtss PVD (Physical Vapor Deposition)
TiAIN+DLC y nBox pi3HHX CEpeJOBHINAX 3MAIlyBaHHS, a TAKOXK MOPIBHIOETHCS TEPMIH GKCILTyaTallii MOKPHTTS y 3raJaHUX MACTHIBHUX
matepianax. PVD-nokpurrss TiAIN+DLC Gysn0o 06paHO 3riiHO 3 MOMEpeAHIMH EKCIICPUMEHTaMHM, SIKi MPOBOIMINCH B J1abOpaTOPHHUX
poborax CIoBaIbKOro yHiBepCHTETY Cilbehkoro rocmogapersa y Hitpi. Iloxpurtsa nanocunocs Ha mectepai HCR (High Contact Ratio) i3
BJIACTHBOCTSIMHU, ONUCAaHMMH y TiaBi Mmarepiamu Ta meroau. lllecrepui HCR Oynu BuOpaHi BiINOBIJHO OO MOMEPENHIX TOCIHIIKCHb,
npoBeneHUX Ha npomy thmi mepenad. lectipui HCR BurotoBmsiucs 3 marepiany 14 220 (16MnCrs).B sikocTi MacTHIBHHX CEpEIOBHIL
Oyno obpano exomoriuny mactuiio OMW Biogear S150 ta 3Buuaiiny mactunbHy pedoBuHy MADIT PP 90H. 1li aBa mactmia Oymu
B1IiOpaH1 BIAMOBIZHO 0 3aCTOCYBaHHS B IOIEPEAHIX JOCHIIKEHHX, IPOBENCHUX Ha podouoMy Micui. ExcniepuMmeHTansHi BUIPOOyBaHHS
HPOBOIMIIMCS Ha BUIPOOyBaibHii ycranosui Niemann MOl FZG (back-to-back). L{s BunpoGyBanbHa ycraHOBKa Oylia BUKOpHCTAHA [UIst
BceOIUHOrO BHMipIoBaHHS. B Xoxi ekcmepuMenTy Mu gotpuMyBanuch cranaaprta STN 65 6280 g tectiB Ha FZG, 3 sikoro Mu oTpuMamu
3HAYCHHS HABAHTAXXCHHS IS PI3HMX PIBHIB HaBaHTa)KCHHs. I1iCIs KOXKHOTO PiBHSI HABAaHTA)KCHHSI BUMIPIOBAJINCH 3HAYCHHS MaKCHMaJbHOI
BHCOTH Npodino RZ 3a I0MOMOror MOPTAaTHBHOrO TecTepa MIOPCTKOCTi moBepxHi Mitutoyo SJ-201 misi HAKOHEYHMKA Ta ETAJOHHOTO
niaMeTpy 3y0uacToro Koseca i mectepHi. Pe3ynbTaTti ekcrepiMeHTaIbHUX BUIIPOOYBaHb OYJIM CTaTUCTUYHO OOpOOIIEHi i Ha iX OCHOBI Oyiu
BCTAHOBJICHI CHIBBiJHOIICHHS Mi’)K MaKCHMAaJbHOK BHCOTOK OLIHIOBAHOTO MPOQUI0 Ta PiBHEM HABAHTAXKCHHS JJI1 000X BUKOPHCTAHHX
MAaCTWJIPHUX MaTrepiajiB sIK 3aJIeKHOCTI 3MiHM MaKCHMAaJbHOI BHCOTH OLiHIOBaHOro mpodimo Rz Bin piBHA HaBaHTaxeHHs. [IpoBeneHi
eKCIIepUMEHTH ToKa3an, mo 3acrocyBauus PVD mokpurtst TIAIN+DLC MoxinBe B 000X BUKOPHCTOBYBAHHX CEPEIOBHINAX.

Knrouosi cnosa: 6ionoriune macio, mwecrepai HCR, PVD nokpurrs TIAIN+DLC, tect FZG

A. Furstenzeller, F. Téth, M. Kadnar, J. Rusnak, M. BoSansky, M. Mraz. Comparison of tribological properties of HCR gears coat-
ed by PVD coating TiAIN+DLC in bio-frendly and conventional lubrication environments. The submitted scientific experiment deals
with the application of PVD (Physical Vapour Deposition) coating TiAIN+DLC in two different lubrication environments, also the article
deals with the comparison of a lifetime of coating in mentioned lubricants. The PVD coating TiAIN+DLC was selected according to previous
experiments carried out in the same field of laboratory works at Slovak University of Agriculture in Nitra. The coating was deposited on
HCR (High Contact Ratio) gears with properties explained in chapter Materials and methods. HCR gears were selected according to the
previous research performed on that type of gears. HCR gears were made from material 14 220 (16MnCrs). As lubrication environments
were chosen ecological lubricant OMW Biogear S150 and conventional lubricant MADIT PP 90H. These two lubricants were selected ac-
cording to the application in the previous research carried out in the workplace.Experimental tests were performed on the Niemann M01 FZG
testing rig (back-to-back). That testing rig was used for the comprehensive measurement of the scuffing tests. In the experiment, we followed
standard STN 65 6280, for FZG scuffing tests, from which we gained the load values for different load levels. After each load level were
measured values of the maximum height of the measured profile Rz, by portable surface roughness tester Mitutoyo SJ-201, for the tip and the
reference diameters on gear and pinion. Results of experimental tests were statistically processed and on a basis on them were established
relations between the maximum height of the assessed profile and load level for both used lubricants as the dependence of change maximum
height of the assessed profile Rz on the load level. Performed experiments showed that application of PVD coating TiAIN+DLC is possible
in both used environments.
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Introduction

Gears and power transmissions are among the oldest mechanisms used in engineering. They were
used whenever a man wanted to transfer mechanical energy to a working machine. Gears have under-
gone a long way of development to today's modern form of technology [1, 2].

Standard involute gears use a Normal Contact Ratio (NCR), i.e. the contact ratio ¢,. is in the
range of 1 to 2. One pair of teeth in contact alternate with two pairs of teeth in contact. To ensure
smooth operation, the minimum contact ratio €,=1.2 is preferred. Gears should generally not be de-
signed to have less than 1.2 contact ratio, because mounting inaccuracies may further decrease &, thus
increasing the possibility of impact between the teeth as well as an increase in the noise level. Contact
ratios of standard involute gears are generally in range of 1.4 to 1.6. For example, contact ratio ¢,=1.6
means that two pairs of teeth are in contact 60 % of the time and one pair of teeth is in contact 40 % of
the time [3, 4, 5].

High Contact Ratio (HCR) gears are non- standard gears with a modified form of a basic involute
profile [6]. Changes relate to addendum height, it is not equal 1 like for standard involute gears. Ad-
dendum height h," is increased and bigger than one, h, >1. The results are gears with contact ratio
€,>2. The teeth with this profile can reach contact ratio up to 4 [7, 8].

We used the PVD coating method due to a more appropriate temperature course during coating
and lower procurement cost. We could not use another method of coating with higher deposition tem-
peratures because the gears were surface hardened and the deposition temperature would be higher
than the quench temperature [9, 10]. After considering these factors and possibilities in cooperation
with LISS, we decided to use PVD coating. The production of coating was carried out in laboratories
of LISS. The selected coating was deposited using the ARC PVD method on the device n411PLUS.
Parameters of coating used are described in chapter Materials and Methods.

The aim of the presented study is to evaluate possibility of application PVVD coating TIAIN+DLC
deposited on HCR gears in environments lubricated by conventional and ecological lubricants. The
article follows previous experiments performed on HCR gearing in the Center of Innovation at Faculty
of Mechanical Engineering, Slovak University of Technology in Bratislava.

Material and Methods

Experimental tests were performed in the Center of Innovation laboratories at Faculty of Mechanical
Engineering, Slovak University of Technology in Bratislava. In experiment, we followed STN 65 6280
standard for FZG scuffing tests, from which we gained the load values for different load levels [11]. To
perform an experiment, we used a FZG test rig (back-to-back) with closed performance flow, portable
surface roughness tester Mitutoyo SJ-201 and ultrasonic cleaner Ecosom U7-STH [12, 13].

The Niemann MO01 device was developed in the laboratories of Slovak University of Technology
in Bratislava for the comprehensive measurement of the scuffing tests. The Niemann MO1 gear test rig
is a back-to-back rig (Fig. 1).

b E P S ]

Fig. 1. Measuring device Tribotestor M'06 and a detailed view of the measuring head and test samples

The Niemann MO01 is mounted on a concrete base equipped with vibration-damping feet. The de-
vice as a whole is consisted of two main parts, namely test chamber and slave chamber, where test
gears and slave gears are located. These two chambers are connected to each other by two shafts. One
shaft serves only as a connection between the chambers. The second shaft is composed of two parts
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which are connected by a load clutch. By load clutch both parts of shaft can be rotated against each
other and in that position they can be fixed. The left part of load clutch is fixed to the base with the
lock-pin via the clutch and its support. The right part of the load clutch is rotated by loading lever and
weights to create a static loading torque in the system. When the load has been applied, the two halves
of the clutch are fixed against movement with the bolts. Then, the lock-pin is safely removed. The
twist size varies according to the load required, but only by step change and not during the run of the
device [14, 15].

The device Niemann MOL1 itself is complemented by a number of devices for tracking measured da-
ta during machine operation. These devices serve as a feedback to the data set before the measurement.

The device is driven by a three-phase electric motor with a frequency converter, which makes it
possible to set the output speed of the electric motor as required (Fig. 2.).

The rotation of load clutch itself and load adjustment in system are performed by using lever. The
weight is suspended on the lever to obtain the desired torque on the pinion shaft (Fig. 3.)

\"fq & :

Fig. 2. Three-phase electric motor of Niemann M01 Fig. 3. Three-phase electric motor of Niemann M01

Used lubricants for experimental tests were OMV BioGear S 150 and MADIT PP90H. The rea-
son for using biological and conventional lubricants was to test the durability and resistance of coating
in selected lubricants under extreme conditions. The reasons for using specific types of lubricant,
OMYV Biogear S150 and MADIT PP 90H, were previous usage in experiments at the Center of Inno-
vation and thus that possibility of comparison with previous research. OMV Biogear S 150 is a fully
synthetic, biodegradable, industrial gear oil based on synthetic environment-friendly esters. Its basic
specifications shows Table 1. It is designed for mechanically and thermally heavy load transmissions
of various constructions, for bearing lubrication in agriculture, forestry, construction industry, ship-
ping and protected natural areas.

MADIT PP 90H is a year-round transmission oil designed to lubricate extremely heavy-duty
transmissions and final-drive assemblies of modern cars and other mobile technology. Its basic speci-
fications shows Table 2. It is suitable for gearboxes working in extremely difficult operating condi-
tions. It is designed for hypoid transmissions. It is preferred to use it at elevated temperatures when
reliable function is guaranteed.

Table 1 Table 2
Technical data of OMV Biohyd S 150 Technical data of MADIT PP 90H
Property Value Property Value
Viscosity at 40 °C | 150.00 mm?/s Viscosity at 40 °C | 140.00 mm?/s
Viscosity at 100 °C | 24.45 mm°/s Viscosity at 100 °C | 15.00 mm?/s
Ignition point 224 °C Ignition point 200 °C
Pour point -27 °C Pour point -27 °C
Density at 15 °C 945 kg/m® Density at 15 °C 905 kg/m®
Viscosity index 167 Viscosity index 95
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Portable surface roughness tester Mitutoyo SJ-201 with a retrofitted measuring apparatus was used
for measuring of roughness before loading and after each load stages. We installed the device on the ap-
paratus and then was measured maximum height of the assessed profile Rz on tip and reference diameter
on both pinion and gear. Before every measurement were pinion and gear degreased, washed in technical
gasoline, cleaned from oil residues in ultrasonic cleaner and dried with flow of air. Table 3 shows tech-
nical parameters of Mitutoyo SJ-201 and Fig. 4. shows the process of measuring of roughness.

Table 3
Technical parameters of Mitutoyo SJ-201

Property Value
Measuring range 0.015...350 um
Measuring speed 0.25...0.5 mm/s
Stylus tip material Diamond
Stylus tip radius 1...5um
Operating temperature 5...40 °C T

Fig. 4. Process of measuring of roughness
by Mitutoyo SJ-201

The test gears were made of 16MnCr5 steel. They were carburized, case hardened and tempered
before coating. The basic parameters like number of teeth of pinion and gear are shown in Table 4.

For the experimental tests, we selected PVD coating TiAIN+DLC. Table 5 shows properties of
PVD coating. The selected coating is manufactured at a thickness of from 1 to 7 um. In the presented
experiment, the coating thickness was 7 um according to the used standard.

Experimental tests of coating were performed in 2 phases. In the first phase, experiments were
carried out with OMV Biogear S150 ecological lubricant and in second phase was carried out experi-
ments with conventional lubricant MADIT PP 90H. After completion of both phases, we continued to
test other coating.

Preparation of the test:
Table 4 To avoid errors and inaccuracies, several steps
had to be taken before each test in order to prepare

Main parameters of test HCR gears device and test gears:

Property Value — cleaning the chambers twice with a suitable
Transmission ratio i=2.43 solvent, before starting a new series of experiments
Center distance a=144 mm with a different lubricant,
Module m=4 mm — cleaning the pinion and the gear in a solvent,
Number of teeth — weighing the pinion and the gear on the scale
~ pinion =21 with accuracy of at least 1 mg.
— gear Zp=51 The conditions of the experiment were deter-
Facewidth b=15 mm mined by standard STN 65 6280:
Reference cylinder helix B=0°
angle
Reference pressure angle 0=20° Table 5
Addendum hy =1.3 Properties of TIAIN+DLC coating
Dedendum hy =1.7
Profile shift correction Property Value
— pinion x,=0.4 Color Violet-black
— gear X,=—0.4 Nanohardness up to 36 GPa
Tip diameter Thickness 1...7 um
— pinion 0,1=97.6 mm Friction coeff. 0.60
— gear d,p=2 mm Max. usage temp. 700 °C
Transverse contact ratio £,=2.003 Deposition temperature 480 °C
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— the required circumferential velocity on the pinion — v=6.4 m/s, which in our case corresponded
to the pinion revolutions of 1450 rpm,

— duration for each load stage — 20.6 min. This shows that the test pinion has performed 30.000
cycles [7].

Expected procedure for the experiment:

— insertion of the testing gears into test chamber, pour oil into the chamber and assembling the
measuring device,

— load the test gears with torque according standard,

— launch the device for 20.6 min,

— draining used oil,

— demounting of the test chamber and removal of the test gear,

— degreasing gears, washing the gears in technical gasoline and cleaning from oil residues in the
ultrasonic cleaner, drying gears with the flow of dry air,

— weighing gears and measuring of roughness.

Results and Discussion

In the scientific paper, we performed experimental tests on HCR gears, coated with TiAIN+DLC
coating. In experiments, we followed STN 65 6280 standard for FZG scuffing tests and we used Nie-
man MO1 (back-to-back) testing rig. As lubricants, we chose conventional lubricant MADIT PP 90H
and ecological lubricant OMW Biogear S150. The results obtained from experimental tests were sta-
tisticallyprocessed and assessed. Test results were graphically evaluated as course of the maximum
height of the assessed profile Rz depending on the load level. The increasing load level was followed
by a gradual increase of the Rz values which were caused by abrasion of the coating layers. When the
value of the Rz reaches a limit 7 um, this load level is marked as a border level of load.

The Tables presented in the chapter Results and discussion contain statistical data from the meas-
urements. For the measurement of each parameter was selected interval of 10 values (n=10). The Ta-

bles contain values of the arithmetic mean Rz the standard deviation Sand the standard error of the
mean Sg;.

Table 6 represents values of the maximum height of assessed profile Rz for pinion in lubricant
Biogear S150.

Table 7 represents values of the maximum height of assessed profile Rz for gear in lubricant Bio-
gear S150.

Table 8 represents values of the maximum height of assessed profile Rz for pinion in lubricant
MADIT PP 90H.

Table 9 represents values of the maximum height of assessed profile Rz for gear in lubricant
MADIT PP 90H.

From Tables 6, 7, 8, 9 is evident that values did not reached value 7 um.

The graphs shown on figures in chapter Results and discussion show a change of the maximum
height of the assessed profile Rz depending on the load level for the pinion or the gear. There are 3
lines in graphs. The limit value of the maximum height of the assessed profile Rz (7um) is represented
by red colour. Blue colour represents tip diameter and orange colour represents the reference diameter
of the maximum height of the assessed profile Rz. It is clear from the graphs descriptions, which pa-
rameters are described.

Fig. 5 represents dependence of change maximum height of the assessed profile Rz on load level
for pinion in OMW Biogear S150.

Fig. 6 represents dependence of change maximum height of the assessed profile Rz on load level
for gear in OMW Biogear S150.

Fig. 7 represents dependence of change maximum height of the assessed profile Rz on load level
for pinion in MADIT PP 90H.

Fig. 8 represents dependence of change maximum height of the assessed profile Rz on load level
for gear in OMW MADIT PP 90H.
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Table 6
Values of the maximum height of the assessed profile Rz (pinion, TIAIN+DLC, Biogear S150)
Load Tip diameter Reference diameter
level | n Rz (um) S (um) S (Mm) | n | Rz (um) | S(um) Sz, (um)
3 10 6.920 0.137 0.043 10 6.410 0.113 0.036
4 10 5.760 0.127 0.040 10 4.710 0.098 0.031
5 10 6.210 0.134 0.042 10 5.070 0.144 0.036
6 10 4.910 0.176 0.056 10 5.350 0.130 0.033
7 10 5.030 0.160 0.034 10 4.360 0.121 0.038
7.5 10 4.830 0.139 0.044 10 5.890 0.114 0.036
8 10 6.340 0.128 0.041 10 3.970 0.134 0.042
9 10 4.840 0.117 0.037 10 2.710 0.123 0.039
10 10 5.790 0.145 0.046 10 2.870 0.136 0.043
11 10 5.780 0.145 0.046 10 3.940 0.104 0.033
12 10 5.080 0.128 0.040 10 2.240 0.096 0.030
15
iy | [
13 +— ===Tip diameter (pinion)
12 +— —*—Reference diameter (pinion)
11— =+=Standard
10
9
E s
N 7
o 6 P =
s~ L~ o | TN
4
3 .
N ~N— ]
1
0
3 4 5 6 7 1.5 9 10 11 12
Load level
Fig. 5. Dependence of change maximum height of the assessed profile Rz
on load level for TIAIN+DLC in OMW Biogear S150 (pinion)
Table 7
Values of the maximum height of the assessed profile Rz (gear, TiAIN+DLC, Biogear S150)
Load Tip diameter Reference diameter
level n Rz (um) S (um) S (um) | n | Rz (um) S (um) Srz (HM)
3 10 5.510 0.089 0.028 10 6.730 0.094 0.030
4 10 6.250 0.139 0.044 10 5.750 0.086 0.027
5 10 5.740 0.116 0.037 10 4.890 0.084 0.026
6 10 5.410 0.106 0.033 10 4.870 0.085 0.027
7 10 5.210 0.088 0.028 10 4.870 0.067 0.021
7.5 10 5.440 0.102 0.032 10 4.230 0.076 0.024
8 10 6.060 0.122 0.039 10 4.340 0.095 0.030
9 10 5.970 0.096 0.030 10 5.320 0.0118 0.037
10 10 4.460 0.106 0.034 10 5.240 0.070 0.022
11 10 5.510 0.099 0.031 10 4.790 0.090 0.028
12 10 5.450 0.098 0.032 10 4.140 0.079 0.025
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Fig. 6. Dependence of change maximum height of the assessed profile Rz
on load level for TIAIN+DLC in OMW Biogear S150 (gear)

Table 8
Values of the maximum height of the assessed profile Rz (pinion, TIAIN+DLC, MADIT PP 90H)
Load Tip diameter Reference diameter
level | n Rz (um) S (um) S (Um) | n | Rz (um) | S(um) Sk (UM)
3 10 4.770 0.072 0.023 10 3.680 0.081 0.026
4 10 5.260 0.061 0.019 10 3.270 0.058 0.018
5 10 4.830 0.071 0.023 10 3.410 0.082 0.026
6 10 5.770 0.073 0.023 10 3.420 0.063 0.020
7 10 5.570 0.069 0.022 10 3.590 0.062 0.019
7.5 10 5.480 0.077 0.024 10 2.960 0.085 0.027
8 10 3.540 0.059 0.019 10 2.550 0.098 0.031
9 10 5.010 0.063 0.020 10 3.110 0.083 0.026
10 10 5.260 0.090 0.029 10 3.630 0.087 0.028
11 10 4.990 0.069 0.022 10 3.890 0.110 0.035
12 10 4.310 0.064 0.020 10 4.470 0.085 0.027
T T T 1
13 1 ===Tip diameter (pinion)
12 4 —=—Reference diameter (pinion)
]I | =—e—Standard
10
9
Es
N 7
o6 ,
5 f——t— ] ==
' N\
o — N7
i
0
3 4 5 6 7 7.5 8 9 10 11 12
Load level

Fig. 7. Dependence of change maximum height of the assessed profile Rz
on load level for TIAIN+DLC in MADIT PP 90H (pinion)
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Table 9
Values of the maximum height of the assessed profile Rz (gear, TIAIN+DLC, MADIT PP 90H)
Load Tip diameter Reference diameter
level | n Rz (um) S (um) S M) | n | Rz (um) | S(um) Sz, (um)
3 10 5.530 0.086 0.027 10 5.680 0.078 0.025
4 10 6.560 0.089 0.028 10 5.210 0.074 0.023
5 10 4.750 0.105 0.033 10 5.910 0.091 0.029
6 10 3.810 0.090 0.028 10 4.360 0.086 0.027
7 10 5.870 0.074 0.024 10 6.050 0.096 0.030
7.5 10 6.440 0.104 0.033 10 3.410 0.077 0.024
8 10 4.780 0.107 0.034 10 5.470 0.091 0.029
9 10 5.720 0.0106 0.033 10 4.580 0.088 0.028
10 10 6.610 0.117 0.037 10 2.930 0.087 0.027
11 10 4.480 0.085 0.027 10 3.290 0.112 0.036
12 10 5.640 0.117 0.037 10 2.990 0.104 0.033
" T ]
13 } ——Tip diameter (gear)
i —+=Reference diameter (gear)
II | =—e—Standard
10
9
£ s
g = T =N
s > . _FZ ~ \ \W_(‘ \ A
: —Z [~ =N N
3 et
2
1
0
3 4 5 [ 7 7.5 8 9 10 11 12

Load level

Fig. 8. Dependence of change maximum height of the assessed profile Rz
on load level for TIAIN+DLC in MADITPP 90H (gear)

It is clear from the results that values of the maximum height of the assessed profile Rz did not
exceed 7 pum established by the standard.

Compared with previous research at the Centre of Innovations SUT in Bratislava, we can con-
clude that the adhesive properties and the wear resistance of the coatings nACRo4 and TIALN+DLC
are better than in previous researches done on TiCN-MP coating + MOVIC [16], where occurred
scuffing at 11th load level and DLC coating [17], where scuffing occurred at 7th load level.

Conclusion

The experimental work was carried out on HCR gears coated by PVD coatingTiAIN+DLC. As
lubrication environments were selected conventional oil MADIT PP90H and biological oil OMW Bi-
ogearS150. Coating was deposited in ACR PVD mode with the n411PLUS device. The coating was
produced at a thickness of 7 um and tested according to STN 65 6280 standard. The measured values
were evaluated statistically in the tables and graphically as the dependency of the maximum height of
the assessed profile Rz in relation to the load level. From obtained values, it is evident that the maxi-
mum height of the assessed profile Rz did not exceed interval 7 um established by the standard. Thus,
we can conclude that scuffing did not occur, and the adhesive properties and the wear resistance of
selected coating is satisfactory for both lubricating mediums.
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Nomenclature Symbols

&, — transverse contact ratio;

h,* — addendum;

hi* — dedendum;

Rz — maximum height of the assessed profile, um;

o— reference pressure angle, °;

B — reference cylinder helix angle, °;

i — transmission ratio;

a — center distance, mm;

m

— module, mm;

X — profile shift correction;
d, — tip diameter, mm;

b — facewidth, mm;

Z — number of teeth;

Rz — arithmetic mean of the maximum height of the assessed profile Rz, um;
S — standard deviation of the maximum height of the assessed profile Rz, um;

Sg; — standard error of mean of the maximum height of the assessed profile Rz, um.
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