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Abstract

An analysis of cylindrical gears” working surface after scuffing shock tests allowed for an assessment
of the effect of loading conditions on the form of damage to teeth working surface. In contrast with
the method of scuffing in severe conditions, where loading values are implemented gradually, a
direct maximal loading — the shock loading — was used in the tests presented, not preceded by lapping
the gears with a lower loading. This manner of loading considerably increases the analysed elements’
vulnerability to scuffing, allowing to judge their limit operational properties. To identify the changes
and types of the teeth’s working surface damage, the following microscopy techniques were applied:
scanning electron microscopy (FE-SEM) with EDS microanalyser, optical interferential profilometry
(WLI), atomic force microscope (AFM), and optical microscopy. The results allowed for defining
characteristic damage mechanisms and assessing the efficiency of the applied DLC coatings when it
comes to resistance to scuffing in shock scuffing conditions. Tribological tests were performed by
means of FZG T-12U gear test rig in a power circulating system to test cylindrical gear scuffing. The
gears were made from 18CrNiMo7-6 steel and 35HGSA nano-bainitic steel and coated with W-
DLC/CrN.

Keywords: DLC coating; cylindrical gears; shock scuffing; tooth’s working surface damage

1. Introduction

The problem of friction pair scuffing remains topical in the design and exploitation of machines.
This stems from the rising tendency to increase loading transferred by friction elements while
simultaneously decreasing their size, which considerably intensifies tribological phenomena. In
tribological research, the following question is especially important: to what extent can the results of
tribological tests produced in laboratory conditions be extrapolated to machine elements operating
under real-world conditions? This question pertains mostly to the qualities of materials of which
operating friction pairs are made. Coal mines are characterised by very difficult operating conditions.
The teeth working surface of drive trains” gears are in danger of intense damage there. The gearbox
oil is polluted with solid particles. Similar difficult conditions can be found in construction, forest, or
agricultural industries. As a result, the gearbox service life is shortened. In extreme situations, a
weakened tooth can break, removing the gearbox from exploitation. To prevent the problem of
intense wear and lengthen the service life of gearboxes, teeth surfaces are modified in different ways,
including the application of thin, low-friction coatings. Currently, DLC coatings (DLC — diamond-
like carbon) are the most frequently tested when it comes to tribological properties. Good anti-
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scuffing qualities result from the presence of amorphous carbon (sp2) in the outer layer of the coating.
Wolfram, chromium, or silicon are added to these coatings (W-DLC, Cr-DLC, Si-DLC [1-18] in order
to protect the base surface from abrasion.

The results identifying changes on the working surfaces of the drive trains’ gears made from
18CrNiMo7-6 and 35CrMnSiA steel and coated with W-DLC/CrN, after scuffing (FZG) tests in severe
conditions and with a gradually increasing loading of the friction pair were presented in [19]. In order
to further analyse the mechanisms of damage, the tests were continued, accounting for the shock
loading of cylindrical toothed gear’s operation, corresponding to dynamic, sudden overloading
typical for emergency conditions or operation in a difficult environment. The purpose of the tests was
to determine the effect of the manner of loading of the cylindrical toothed gear on the form of damage
to the teeth’s working surface through analysing changes on the teeth’s working surface using
microscopy methods.

2. Materials and Methods

The shock scuffing tests were conducted on FZG A10 test gears, with a 10 mm wide pinion and
a 20 mm wide gear. The teeth’s working surface was ground longitudinally (Figure 1).

Figure 1. Test FZG gear pair, type A10, the pinion coated with W-DLC/CrN.

Test gears made of 18CrNiMo7-6 steel of 733+14 HV hardness and made of 35CrMnSiA nano-
bainitic [20-24] steel of 671+20 HV hardness were used. A coating with the commercial name Balinit
C Star (made of W-DLC/CrN coating material) was applied on the gears’ teeth. The company
Oerlikon Balzers Coating Poland conducted the process of coating the teeth’s surface using the
PACVD technology. The W-DLC/CrN coating applied on 18CrNiMo7-6 steel was 4.8 pm thick, and
the coating on 35CrMnSiA steel was 3.8 um thick.

The coating adhesion tests were performed by scratching with Indenter Rockwell C on the
REVETEST CSEM Scratch-Tester. The loading progressively increased up to 100 N/min by 10 N/mm.
The scratching length was 10 mm. The values of the forces inducing the characteristic mechanisms of
coating damage were determined by microscopic observations of the coating damage in the scratched
area. The adhesion for the W-DLC/CrN coating on 18CrNiMo7-6 steel was 40 N, while it was 50 N
for the coating on 35CrMnSiA steel. The hardness of the W-DLC/CrN coating on 18CrNiMo7-6 steel
was 13 GPa, in turn, it was 10 GPa for the coating on 35CrMnSiA steel.

The tribological, component FZG shock scuffing tests were performed following the S-
A10/16,6R/90 method described in the FVA No. 243, June 2000 [25-31] working paper. The tests were
conducted at the T-12UF test stand in the Lukasiewicz — Institute of Sustainable Technologies, Poland
[32-35].

Each test began with a stable rotational speed and identical initial temperature. As part of the
shock scuffing method, the loading is not increased gradually from the lowest value, but the test
gears are put under such (“shock”) loading that scuffing is expected straightaway. The maximal
loading value is 12, which creates a loading torque of 535 Nm and a Hertzian stress of 2.6 GPa (Table
2). This way, the gears’ run-in is avoided, thus, their scuffing susceptibility is increased. The tests are
performed until the criterion of scuffing is met, judged by the measurement of the area of the surface
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showing wear traces on the pinion. The criterion is considered to be fulfilled if damage to the pinion’s
teeth shows on a surface larger than 100 mma?.
Test conditions:

e motor rotational speed 3000 rpm
e  circumferential speed 16.6 m/s

e  run duration 7 min. 30 s
e  maximum load stage 12

¢  maximum loading torque 535 N'm

e maximum Hertzian stress 2.6 GPa

e  initial lubrication oil temperature 90°C (uncontrolled after starting the run)
e  type of lubrication dip lubrication (oil quantity ca. 1.5 dm?3)

Shell Omala 54 GX 320 commercial industrial gear oil with PAO (polyalphaolefin) synthetic base
of the 6/6 EP AGMA viscosity class was used in the tests

3. Results

The applied microscopy techniques allowed for the observation of wear propagation after shock
scuffing tests, with a maximal 12th loading level of the cylindrical toothed gear. The techniques
enabled the identification of the type of damage usually present on the pinion’s tooth working
surface, characteristic for scuffing tests (Table 1).

Table 1. The type of damage present on teeth’s working surface after scuffing tests.

Polishing Scratches Scoring Scuffing

Il

On the basis of microscopic image analysis, the mechanisms of scuffing on the cylindrical gears’

teeth working surface were described. The most common damage influencing the surface’s state was
observed. The surface damage and wear trace diagrams, the images of shock scuffing tests performed
at the highest, maximal 12th loading level, and of the pinion’s teeth damaged surface are presented
in Table 2. By analysing the images of the teeth surface area of the 2.5 mm x 2.5 mm with the use of
MM-40 optical microscope from Nikon, the most frequent damages for the given pairings were
observed.

Out of all the tested material combinations, the pairing with the pinion of 35CrMnSiA/W-
DLC/CrN steel was decidedly the least resistant to scuffing. The wear value of the teeth’s area was
Ap = 106 mm?. The damage on the pinion’s surface covered an area of more than 100 mma?. Thus,
according to the assessment criterion, the pinion’s working surface was seizured. Plenty of damage
in the form of grooves made by the tooth root (Table 2) was identified microscopically. The pairing
with the pinion of the 35CrMnSiA steel was another material pairing for which the wear value of the
pinion’s surface was worrying, because it amounted to Ap = 59.0 mm?. There was no scuffing,
according to the criterion of its assessment, but the surface’s microscopic analysis demonstrated the
presence of micropitting wear forms and noticeable scuffing areas. Scratches and polishings were
observed on the working surface of the pinion made of 18CrNiMo7-6 / W-DLC/CrN steel. The shock
scuffing method allowed for differentiating the analysed material pairings of gears.
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Table 2. The gear tooth’s working surface after shock scuffing, maximally at the 12th stage of failure load.

Pinion material The working surface of the pinion gear after scuffing tests under shock conditions
Modes of the wear of the test pinion at Working surface Optical microscope
Test gear . - .©. .
maximum load stage with the total area of the pinion tooth image

of failures on the pinion

18CrNiMo7-
6 steel

18CrNiMo7-6 /
W-DLC/CtN
coating
Ap
35CrMnSiA steel
AN
LR RN
R,
EREXaR T ;
Ap = 59.0 mm?
35CrMnSiA /
W-DLC/CtN
coating

(1) © 2025 by the author(s). Distributed under a Creative Comr CC BY license.
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The results of SEM tests performed with the scanning electron microscope model SU-70 from
Hitachi, integrated with an NSS 312 energy dispersive spectrometer EDS by Thermo Scientific, are
presented in Figure 2. The SEM images were made of the working surface of the pinion’s teeth before
and after shock scuffing tests on an area of 100 um x 100 pm. The teeth’s working surface before the
scuffing tests is characterised, in the case of steel, with a texture characteristic for longitudinal
grinding. In turn, in the case of modified surface, drops typical for applied PVD coatings were
observed. Damage in the form of grooves was observed after the scuffing tests on the surface of a
tooth made of 18CrNiMo7-6 steel. On the other hand, break-outs and chippings characteristic for
micropitting were identified on the surface of a tooth made of 35CrMnSiA steel.

The tooth’s working surface before shock scuffing tests
18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CrN
B e

The tooth’s working surface after shock scuffmg tests
18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CtN

ITeE 20.0KV 17.7mm x1.00k SE(M) O ITeE 20.0kV 18.8mm x1.00k SE(M) § 50.0um

Figure 2. The SEM images of the tooth’s working surface made before and after the shock scuffing tests.

The coating on the tooth made of 18CrNiMo7-6 steel, as well as on the tooth made of 35CrMnSiA
steel, was partially damaged and worn, which was confirmed by the EDS elemental decomposition
analysis, showing changes in the outer layer chemical composition (Figure 4). By analysing the map
of the EDS elemental decomposition on the surface of the tooth made of 18CrNiMo7-6 steel with W-
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DLC/CrN coating, after the shock scuffing tests, it was observed that the W-DLC layer was worn
through to the CrN interlayer.

A different manner of loading the tooth’s working surface produced a vastly different test result
for this pairing than in the case of scuffing in severe conditions, during which the surface made of
35CrMnSiA steel preserved its coating without visible damage [19].

The elemental decomposition of the working surface of a tooth made of 18CrNiMo7-6 steel with
a W-DLC/CrN coating and of 35CrMnSiA steel with a W-DLC/CrN coating before the shock scuffing
tests is presented in Figure 3. The map of wolfram decomposition was marked pink. In turn, Figure
4 shows the maps of elemental decomposition after the shock scuffing tests.

18CrNiMo7-6 steel /W-DLC/CrN coating before shock scuffing tests
W map C map

SEM image

| —)

20'pm 20.ym

20 pm

20 pym 20 pm

35CrMnSiA steel /W-DLC/CrN coating before shock scuffing tests
W map C map

[ I

SEM image

. 5N .
e T ;

20 pm

20, pm

N map Fe map

[Fex]  p—

20 pm 20 pm

20 pm

Figure 3. The SEM images and maps of EDS elemental decomposition of the working surface of a tooth made of
18CrNiMo7-6 steel and coating and 35CrMnSiA steel and coating, made before the shock scuffing tests (1500x

magnification).

18CrNiMo7-6 steel /W-DLC/CrN coating after shock scuffing tests
C map

SEM image W map

o p— s [ww) D— | —1

20 pm 20 pm

N map Fe map
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35CrMnSiA steel /W-DLC/CrN coating after shock scuffing tests
SEM image W map C map
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Figure 4. The SEM images and maps of EDS elemental decomposition of the working surface of a tooth made of
18CrNiMo7-6 steel and coating and of 35CrMnSiA steel and coating, produced after the shock scuffing tests

(1500x magnification).

In both cases, the outer layer of the W/DLC coating was damaged, which is confirmed by the
lack of wolfram on the EDC elemental decomposition maps (in pink). On the decomposition maps,
chromium (marked with yellow) is present on the whole analysed surface, proving that the CrN layer
was not worn. Areas in which the base surface was completely uncovered were also noted. This is
confirmed by the presence of iron on the decomposition maps (in red).

The 3D microscopic images of 20 um x 20 um teeth’s working surface generated with an AFM
Q-scope 250 atomic force microscope from Quesant Instrument Corporation are shown in Figure 5.
The microscope has shown details of the surface formation before and after the shock scuffing tests.
The nature of the changes observed on the surface confirmed the characteristics of the changes shown
using SEM. Due to running-in, polishing traces were removed from the surface of the tooth made of
18CrNiMo7-6 steel. The surface of the 35CrMnSiA steel/W-DLC/CrN tooth was damaged, numerous
pits were observed, and grooves perpendicular to the polishing direction appeared. The surface of
the tooth made of 35CrMnSiA steel behaved similarly. In the case of the 18CrNiMo7-6 steel/ W-DLC-
CrN tooth, the steel base surface with some traces of polishing is visible after the coating’s removal.

The images of the 1600 pm x 1600 um working surface of the pinion, made with WLI
interferometric microscope produced by Taylor Hobson, are presented in Figures 6 and 7. Figure 6
shows a 3D microscale view of the pinion’s working surface before the scuffing tests, while Figure 7
shows 3D microscale images after scuffing tests. The state of the measured surface was described
with the vertical dimensions of the tested surface marked with the following symbols: Sp — maximal
rising height, Sv — maximal pit depth, Sz — maximal surface elevation, Sa — arithmetic average surface
roughness deviation, Sq — root mean square surface roughness deviation.

The use of the interferometric microscope in the working surface testing of the pinion’s tooth
allowed for presenting the surface spatially as well as a quantitative analysis of qualities of the tested
area’s formation. It was observed that the surface of the tooth made of 18CrNiMo7-6 steel after the
scuffing tests is characterised by the lowest values of all the analysed roughness parameters. In turn,
the highest value of the Sz parameter, above 10.0 um, was noted in the case of coated surfaces, both
for 18CrNiMo7-6 steel and 35CrMnSiA steel. The highest Sv value of 7.043 um was present in
35CrMnSiA steel with a coating. This points to a considerable surface damage compared to the state
of the surface before the tribological tests. In the case of the working surface of the 35CrMnSiA steel

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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tooth, pits described with the Sv parameter of 4.047 um were observed, which suggests the damage
of the tooth’s working surface.

The tooth’s working surface before shock scuffing tests

18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CrN

1 9rsm

200umo 20 0umd

35CrMnSiA 35CrMnSiA/W-DLC/CrN

'
20 0umd 20 0pm0

The tooth’s working surface after shock scuffing tests

18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CrN

Figure 5. The test results of formation of tooth’s working surface before and after the AFM shock scuffing tests.
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The tooth’s working surface before shock scuffing tests

18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CrN

14
13
12
1
10

T

1T T
© AN WA ~N®

Sp =8.331 pm, Sv =4.615 pm, Sz = 9.887

Sp = 2.041 pm, Sv =2.533 um, Sz = 4.391 pm,
pm, Sq = 0.632 pm, Sa = 0.479 pm

Sq = 0.489 pm, Sa = 0.391 pm
35CrMnSiA 35CrMnSiA/W-DLC/CrN

um um
14
13
12
1
10

O AN W h OO N ®

Sp =1.944 pm, Sv = 1.350 pm, Sz =3.266 pm, Sp =5.665 pm, Sv = 6.349 um, Sz = 12.109
Sq =0.311 pm, Sa = 0.239 pm pm, Sq = 0.599 um, Sa = 0.439 pm

Figure 6. The interferometric microscope test results of tooth’s working surface formation (3D view) before the

shock scuffing tests.
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Tooth’s working surface after shock scuffing tests

18CrNiMo7-6 18CrNiMo7-6 /W-DLC/CrN

pm pm
14
13
12
1
10

o 2N W h OO N ®

Sp = 0.982 pm, Sv =2.967 um, Sz = 3.949 Sp =6.502 pm, Sv = 4.431 pm, Sz =10.933
pm, Sq = 0.377 pm, Sa = 0.298 pm pm, Sq = 0.906 pm, Sa = 0.676 pm

35CrMnSiA 35CrMnSiA/W-DLC/CrN

14 14
13 j

12
1
10

o 2N W h OO N ®

Sp =1.643 pm, Sv = 4.047 pm, Sz = 5.690 Sp =3.096 pm, Sv = 7.043 pm, Sz = 10.139
pm, Sq = 0.371 pm, Sa = 0.266 pm pm, Sq =0.618 pm, Sa = 0.454 pm

Figure 7. The interferometric microscope test results of tooth’s working surface formation (3D view) after the

shock scuffing tests.

4. Conclusions

Tests conducted at the maximal, 12th stage of shock loading allowed for the assessment of the
effectiveness of used materials and protective coatings when it comes to resistance to scuffing. The
following conclusions were reached after a microscopic analysis of the pinion’s tooth working
surface:
¢ 35CrMnSiA steel pinions with W-DLC/CrN coating were seizured under shock loading. The
coating proved insufficient under extreme overloading conditions.
®  Scuffing areas were observed on the 35CrMnSiA steel tooth’s surface.
¢ 18CrNiMo7-6 steel pinions without the coating were not seizured even under the highest, 12th
stage of loading. This proves a much higher material resistance of this steel to scuffing compared
with 35CrMnSiA steel.

*  18CrNiMo7-6 steel teeth’s surfaces, coated with -DLC/CrN, did not show any signs of scuffing
under the maximal loading either. The combination of a high-quality base material and a coating
proved effective under shock scuffing conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The effect of the type of loading on the resistance to scuffing was deemed important based on
the microscopic observations (SEM, AFM, WLI, optical microscopy) of the 35CrMnSiA steel pinion’s
teeth working surface coated with W-DLC/CrN. A lower resistance to scuffing was observed under
shock loading, which corresponds to operation in industrial settings, than in tests under severe
conditions [19]. The tooth’s working surface was damaged and seizured despite the use of coating.
This suggests that the W-DLC/CrN coating efficiency under shock loading conditions may be limited
and requires further optimalisation when it comes to both the layer structure and mechanical
qualities of the coating and its adhesion to the base surface.
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Abbreviations

The following abbreviations are used in this manuscript:

FLS failure load stage

the Gear Research Centre (Forschungsstelle fur Zahnrader und Getriebebau, FZG) of the Technical
University of Munich

DLC Diamond - Like Carbon coating

FZG

SEM Scanning Electron Microscope

EDS Energy Dispersive Spectrometer

WLI White Light Interferometer Microscope
AFM Atomic Force Microscope

Ra profile roughness [pum]

Sa surface roughness [um]

Sp maximum peak height [um]

Sv maximum indentation depth [um]

Sz maximum surface height [um]

Sq mean square deviation of the surface roughness [um]
Ap wear surface area [mm?]
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