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Abstract: Nitriding can significantly increase the load carrying properties of gears. While the
diffusion layer is primarily responsible for improving the tooth root and flank load carrying capacity,
the compound layer mainly determines the tribological properties of the gear surface. In the present
work, the influence of the compound layer on the tribological load carrying capacity of nitrided gears
in the N/N pairing was investigated. For this purpose, compound layers with different thickness,
porosity and phase composition were produced and their micro-pitting and wear behavior were
investigated in load stage and speed stage tests. The test results confirm that the properties of the
compound layer are decisive for the micro-pitting and wear resistance of nitrided gears. For a high
micro-pitting resistance, the presence of pores in the near-surface area of the compound layer is of
high importance, since no micro-pitting occurred as long as pores were present. With regard to the
wear behavior, no dependence on the compound layer thickness or the porous zone thickness was
found while the phase composition of the compound layer shows a decisive influence.

Keywords: nitriding; nitrocarburizing; compound layer; external gearing; tribological load carrying
capacity; micro-pitting; wear

1. Introduction

Nitriding is used to achieve properties such as high surface hardness, increased fatigue
strength and high wear and corrosion resistance [1,2]. During nitriding, the surface layer is
enriched with nitrogen at temperatures of 480-520 °C. The nitrogen is initially dissolved
in the ferrite; as the nitrogen concentration in the surface layer increases, iron nitrides
are precipitated in the ferritic matrix as soon as the maximum nitrogen solubility in the
ferrite is exceeded. With increasing nitriding time, the iron nitrides grow together at the
surface to form a closed compound layer a few micrometers thick. In the outer area of
the compound layer, pores may form due to the recombination of atomic nitrogen to
molecular nitrogen at high nitrogen concentrations. The nitrogen-enriched area below
the compound layer is called diffusion layer (or precipitation layer) and usually reaches
several hundred micrometers deep into the material. While the diffusion layer contributes
to the improvement of the mechanical properties, in particular the component load carrying
capacity under oscillating stress, the compound layer is mainly responsible for the wear and
corrosion behavior of the component. Various wear model studies on nitrided specimens
show that the compound layer plays a greater role in micro-pitting behavior and wear than
the nitriding hardness depth [3,4].
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The compound layer, which is only a few micrometers thick and forms at the compo-
nent surface during nitriding, usually consists of the iron nitrides Fe4N (y’-nitride) and
Fe; 3N (e-nitride) as well as alloying element nitrides. These nitride precipitations have a
high hardness and increase the wear resistance of the component’s surface. As the propor-
tion of e-nitride increases, so does generally the wear resistance of the compound layer. In
addition to the higher hardness, the e-nitride has a more favorable crystal structure than
the y’-nitride: the hexagonal structure has a low number of sliding systems, which together
prevent the two-dimensional approach of the wear partners down to atomic distances. For
this reason, the adhesion tendency of e-nitride layers is low [5].

The microstructure of the compound layer also affects the wear behavior; both the pore
content and the pore distribution and size have an influence. Pores can absorb lubricant,
so that the porous zone represents a lubricant depot in case of missing or insufficient
lubrication. More likely is the theory that, due to the porous surface and depending on the
wear conditions, an increased initial wear occurs until an optimum form fit and a higher
load carrying ratio on the surface has been established with the wear partners sliding on
each other [6].

Nitriding can significantly increase the load carrying capacity of gears compared to the
quenched and tempered initial condition. Previous investigations on nitrided gears focused
mainly on the tooth flank and tooth root load carrying capacity. However, within the
experimental tests on the flank load carrying capacity by Schlétermann [7], micro-pitting
in the area of negative sliding was found in almost all variants. Furthermore, pitting and
spallings occurred and in some cases the flank surface was completely destroyed. In the
investigations on the flank load carrying capacity by Giinther, Pouteau and Bruckmeier [8],
micro-pitting also appeared as a significant form of damage. As soon as there is no longer
an intact compound layer, micro-pitting and severe wear as well as subsequent pitting limit
the service life of nitrided gears.

Schonnenbeck [9] observed that in gas-nitrided gears micro-pitting occurred only
at very high pressures. This micro-pitting was preceded by damage to the compound
layer. As long as the compound layer was undamaged, the test gears were insensitive
to micro-pitting. In the micro-pitting test performed by Emmert [10], no micro-pitting
could be generated with the gas-nitrided specimens. However, the subsequent endurance
run had to be terminated due to pitting. The tests were performed at medium and high
circumferential speeds v; = 8.3 m/s and v; > 16 m/s, respectively. Here, the test gears were
nitrided in accordance with the state of the art (at that time) using classic gas nitriding.

Bull [11] investigated the influence of the compound layer on the micro-pitting be-
havior of nitrided gears in comparison with case-hardened gears. It was found that the
compound layer created by the nitriding process gives the gears an adequate micro-pitting
resistance. Among the possible reasons for the improved micro-pitting behavior compared
to case-hardened gears, Bull cites improved running-in behavior of the compound layer.
Roughness peaks are preferentially removed, which produces an effect similar to vibratory
grinding. Bull also observed on case-hardened gears that micro-pitting leads to a branching
of the cracks starting from the surface. This could not be observed on the nitrided gears.

Other recent studies on the subject of nitriding are mainly concerned with optimizing
the fatigue strength (pitting and tooth root breakage) for small and medium sized gears
in comparison with case hardening. The results also show that a high flank load capacity
of nitrided gears is given as long as the compound layer on the surface is intact. If the
compound layer is damaged, the service life is limited by wear, micro-pitting and/or
pitting [12-16].

The increase in performance, for example in the field of wind turbine gearboxes, has
increased the risk of flank damages due to unfavorable tribological conditions, especially
such as wear and micro-pitting. Nitriding to increase the wear resistance is therefore
becoming increasingly important, especially for low-speed running conditions. Due to
low circumferential speeds, the tooth flanks are subject to special requirements in terms of
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the tribological load carrying capacity of the surface, while the pitting and tooth root load
carrying capacity of the quenched and tempered base material is usually sufficient.
Modern nitriding processes, such as controlled gas nitriding or plasma nitriding,
allow the layer properties to be adjusted by controlling the nitriding parameters during
heat treatment. By a suitable choice of temperature, duration and nitriding potential, the
compound layer thickness and its nitride phase composition can be specifically adjusted.
Even suppression of compound layer formation is possible [5]. Which layer or surface
properties are particularly advantageous with regard to the tribological load carrying
capacity of nitrided gears has not yet been sufficiently clarified. According to the standards
DIN 3990 5 [17] and ISO 6336-5:2003 [18], a compound layer thickness of CLT < 25 um and
a high proportion of e-nitride (¢ /v’ > 8) is recommended for material quality ME (regarding
pitting and tooth root load carrying capacity). For the current version ISO 6336 5:2016 [19],
the recommended ratio of the compound layer phases is reverse (y’/e > 8). The aim of
the present investigations was therefore to determine the effects of the structure of the
compound layer on the tribological load carrying capacity for slow-running nitrided gears.

2. Materials and Methods
2.1. Material and Heat Treatment

The nitriding and quenching and tempering steel 31CrMoV9, which is frequently
applied for nitrided gears, was used for the test gears within the experimental investiga-
tions. The chemical composition of the material batch determined by optical emission
spectroscopy (OES) is shown in Table 1. The material was supplied with a quenched and
tempered strength of 1031 N/mm? (900 °C/water + 630 °C 2 h air + 610 °C air).

Table 1. Chemical composition (in mass %) of the test material 31CrMoV9 (1.8519).

Source C Si Mn P S Cr Mo A%
ISO 683-5 0.27-0.34 max. 0.40 0.40-0.70 max. 0.025 max. 0.035 2.30-2.70 0.15-0.25 0.10-0.20
OES 0.31 0.24 0.67 0.010 0.014 2.48 0.22 0.16

The reference variant was nitrided according to current industrial standards at an
industrial hardening shop. The test gears were gas-nitrided at a temperature of 510 °C for
30 h.

Nitriding and nitrocarburizing treatments to vary the compound layer were performed
in a gas nitriding system with nitriding and carburizing potential control. Heating was
performed under ammonia atmosphere to activate the sample surface. Cooling after
nitriding was also carried out with the addition of ammonia (phase-controlled cooling) to
avoid nitrogen effusion and subsequent denitriding at the end of the process.

Three treatments were carried out for the investigations, in which essentially the
composition and thickness of the compound layer were varied (with approximately the
same nitriding hardness depth as the reference variant). The treatment variants VS1 and
VS2 were carried out at 520 °C for 42 h. Different nitriding potentials (K =1 and Ky = 3)
were used to vary the thickness and phase composition of the compound layer. As a further
variant, nitrocarburizing with a nitriding potential of Ky = 1 and a carburizing potential of
KE = 0.1 was carried out to achieve a significantly higher proportion of e-(carbo-)nitride
in the compound layer. Due to the higher treatment temperature of 550 °C required for
nitrocarburizing, a somewhat lower strength of the diffusion layer can be expected with
this variant. The nitrocarburizing time was reduced to 21 h due to the higher treatment
temperature in order to achieve a similar nitriding hardness depth as the reference.

The evaluation of the compound layer and the porous zone of the compound layer
was carried out according to DIN 30902:2016-12 [20] on the metallographic cross-section,
which was taken by spark erosion on an untested gear flank following the gear running
tests. All sections were etched with Nital and images were taken at 1000x magnification.
Mean compound layer and porous zone thickness were determined by measuring at ten
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locations on three micrographs. In addition with the documentation of the compound layer,
the nitriding hardness depth and core hardness were also determined on the cross-section.
The core strength was converted from the core hardness according to ISO 18265 [21].
The hardness of the compound layer and the porous zone were determined with the
instrumented indentation test. The chosen test force of 5 mIN corresponds to the smallest
possible force in order to achieve the most local testing possible.

The composition of the compound layers was determined by radiographic methods.
From X-ray diffraction spectra recorded with Cr-K, radiation, the proportions of e- and
Y -nitride were determined according to the Rietveld method [22] by considering the entire
spectrum to be a mathematical function of the diffraction angle, which also depends on
the crystal structure. Starting from an initial model of the atomic ordering, structural and
instrumental parameters are refined more and more. The penetration depth of the X-rays
defined as the depth to the drop of the radiation intensity to e ! is limited to approx. 10 um
and the information about the phase fractions is included in the measured value weighted
according to depth in accordance with an exponential function. Therefore the information
obtained in this way can be seen as the average phase composition in the case of thicker
compound layers.

2.2. Test Gears

The FZG (Forschungsstelle fiir Zahnrader und Getriebesysteme/Gear research center,
TU Munich) standard gear geometry type C was used for the experimental investigations.
The relevant main geometry data of the test gears are summarized in Table 2.

Table 2. Main geometry data of the test gears.

Type C (External Gears)

Parameter Unit
Pinion Wheel
Normal module My mm 4.5
Number of teeth z - 16 24
Face width b mm 14.0
Normal pressure angle Xy ° 20.0
Working pressure angle Nyt ° 22.44
Helix angle B ° 0
Transverse contact ratio €x - 1.436
Addendum modification coefficient x - 0.1817 0.1715
Reference diameter d mm 72.0 108.0
Tip circle diameter dy mm 82.5 118.4
Center distance a mm 91.5

The nitrided test gears were finish ground prior to nitriding and subsequently not
machined. All test gears were ground with a short involute tip relief (C; =25 £ 5 um). To
counteract edge bulges caused by nitriding and its effects during operation, an additional
end relief (C, = 12.5 4+ 2.5 um) was applied to the test gears before nitriding. The influences
of this modified pressure distribution compared to uncorrected gears were taken into
account via the face load factor Kpg ccording to ISO 6336-1 [23], the details are documented
in [24].

The roughness of the test gears before nitriding was R, = 0.23 pm on average. Nitriding
resulted in a slight increase in roughness to an average of R, = 0.32 um.

In the nitrided condition, most of the test gears showed gear tooth qualities Q < 5
according to DIN 3963 [25]. Before nitriding, the test gears showed negative profile angle
deviations with qualities of Q < 7. Nitriding shifted these deviations in a positive direction,
which did not significantly change the quality in terms of profile shape. The quality of
the flank shape of almost all test gears was in the range Q < 5 before nitriding. However,
nitriding resulted in some cases in significant inverse crowning and thus in a degradation
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of the quality. On average, nitriding resulted in a degradation of the gear tooth quality by
approx. 1-2 quality grades.

2.3. Gear lesting

The gear running tests were carried out on FZG back-to-back test rigs with a center
distance of a = 91.5 mm (see Figure 1). This is a cylindrical gear test rig with a closed
power circuit. The static moment applied by the loading clutch by means of a load lever
and defined weights is transmitted via the test gear set and the usually helical-toothed
drive gear set. During operation, only the power loss is supposed to be supplied by the
electric motor into the bracing circuit. In the test gear box, the pinion drives the wheel.
For the herein presented investigations on the micro-pitting and low-speed wear behavior,
a continuously variable motor with an additional switchable countershaft transmission
between the motor and the drive gear box was used to ensure low circumferential speeds
of vy <2m/s.

loading clutch

measuring

load lever with

test gear, weights

test pinion

Figure 1. FZG back-to-back test rig (schematic) based on DIN ISO 14635-1 [26].

The micro-pitting behavior of the investigated variants (see Table 3) was determined
by load stage tests performed according to FVA 482/1 [27]. In order to obtain comparative
information on the micro-pitting behavior of the different compound layer variants, the load
was increased stepwise at a constant circumferential speed of v; =2 m/s. The load stages
(BS) were selected based on the standard micro-pitting test according to FVA 54/7 [28].
The effects of the deviating microgeometry of the test gears (end relief) were taken into
account via the face load factor Kyg according to ISO 6336-1 [23] (p¢ = pc'\/Kng), the
torque levels within the tests were adjusted accordingly. The load was increased starting at
BS 8 (pg = 1100 N/mm?) up to BS 13 (p{ = 1850 N/mm?). The running time per load stage
interval was 16 h. All tests were carried out with injection lubrication using the reference
lubricant FVA 3 (mineral oil of viscosity grade ISO VG 100) + 4% Anglamol 99 at an oil
injection temperature of ¢,;; = 60 °C. A second test run was carried out for all variants to
validate the results.
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Table 3. Overview of the nitrided layer properties of the investigated test gears.
Variant NHD 400gv CLT CLTp Core Hardness Core Strength * Phases in the
arlan in mm in pm in pm in HV10 in N/mm? Compound Layer
R (reference) 56% e-nitride
o 0.38 11.4 3.7 276 861 35% y’-nitride
510°C30h " :
9% cementite
Vsl 0.43 4.1 0.5 326 1020 100% y’-nitrid:
520°C42h Ky =1 : : ‘ oy -nitride
VSs2 15% e-nitride
520°C42h Ky =3 0.53 12.6 45 327 1020 85% y’-nitride
NC 0.43 176 43 321 1003 47% e-nitride

550 °C21h Ky =1KE =0.1

53% y’-nitride

* converted according to ISO 18265.

In the speed stage test, the load was kept constant, while the circumferential speed
was varied stepwise from speed stage GS 1 (v; =2 m/s) to GS 7 (v = 0.05 m/s) to de-
termine the (micro-pitting and) wear behavior. The speed stage tests were carried out at
pi = 1850 N/mm?. All tests were carried out at injection lubrication with the unadditivated
lubricant FVA 3 and an oil temperature of ¢,;; = 60 °C. Similarly to the load stage tests, a
second test run was carried out for each variant to increase the reliability of the test results.
Due to damages in the compound layer on the tooth flanks of the test gears in almost
all variants, the mass loss was only evaluated for the test pinions. The running time per
speed stage interval was 16 h. For the presentation of the mass loss, the wear amounts
were converted to the same number of load cycles (100,000 load cycles on the test pinion),
assuming a linear wear behavior in each interval.

During the experimental investigations, spalling of the compound layer respectively
white layer flaking starting from the tip edge of the nitrided test wheels (beginning of
contact) was observed in some variants. However, the applied tip relief on the test wheels
was not designed for optimum load carrying capacity at very high loads. For practical
application, it is therefore necessary to design the micro-geometry modificiations in such
a way that both the tip edges and the face edges of the nitrided gears are relieved in a
suitable way.

2.4. Determination of the Wear Behavior

According to Plewe [29], the lubricant film thickness k¢ ,,;, at the pitch point C (see
Formula (1), based on Dowson [30]) is used as the decisive parameter for wear on gears:

e 0.7 a9\ 013
Ho-v smzxw) ( 2.T-10 ) 1)

hC,min = 2~65'PC'(“'E/)0.54'( EI'PC db'b‘El'PC
h¢ min: Minimum lubricant film thickness in C
pc: Radius of relative curvature in C

«: Pressure-viscosity coefficient

E’: Relative modulus of elasticity

#o: Dynamic viscosity at bulk temperature

v: Kinematic viscosity

ay: Working pressure angle

T: Applied torque

dy: Base diameter

b: Gear face width

Depending on the material pairing, Plewe [29] gives the following reference values of
the minimum permissible lubricant film thickness lic yin,per for unalloyed lubricants as a
parameter to specify an operating range at risk of wear.

Material pairings of the same surface hardness are characterized by a risk of wear for
lubricant film thicknesses below k¢ yiu,per = 0.05 pm.
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In the case of the material pairing hard/soft, service life-limiting wear on the softer
gear can be expected with lubricant film thicknesses up to hic yin,per = 0.4 pm.

According to Plewe [29], a linear wear coefficient ¢;T pj,. is determined on the basis
of the mass loss W, measured in the test:

CIT,Plewe = anf:/,\llﬁ;;pﬂ\f )
CIT,plewe: Linear wear coefficient
W,,,: Mass loss
b: Gear face width
m,;,: Normal module
z: Number of teeth
p: Density
N: Applied load cycles

The investigations on the wear behavior carried out here deviate with regard to the load
(0H0 test = 1710 N/ mm?) from the tests carried out by Plewe [29] (Ho,Plewe = 1160 N/ mm?),
but relevant geometry sizes can be adopted due to the use of the same test gear main
geometry (type C: radius of relative curvature in pitch point pc = 8.38 mm, wear-effective
specific sliding ¢y = 0.739). A classification of the wear coefficients according to Plewe is
therefore only possible here after a corresponding revaluation. A revaluation of results with
different test conditions is possible according to Formula (3) on the basis of the nominal
contact stress, the radius of relative curvature and the wear-effective specific sliding. The
parameters 0y plewes OC,Plewe aNA Cw plee refer to the test conditions according to Plewe,
the parameters oy test, O test aNd Jw test to the tests carried out here:

o Wm OHO, Plewe 14 0cC, Plewe CW, Plewe
=iy (o) e ) (80) 0
n'ZpP HO, test 0cC, test W, test
cr: Linear wear coefficient, revaluated regarding the test conditions acc. to Plewe
W,,.: Mass loss
b: Gear face width
my: Normal module
z: Number of teeth
p: Density
N: Applied load cycles
OHo, plewe: NOminal contact stress referring to the test conditions acc. to Plewe
OHo,test: Nominal contact stress referring to the carried out tests
pc plewe: Radius of relative curvature referring to the test conditions acc. to Plewe
pC test: Radius of relative curvature referring to the carried out tests
Cw plewe: Wear-effective specific sliding referring to the test conditions acc. to Plewe
Cw test: Wear-effective specific sliding referring to the carried out tests

3. Results
3.1. Results of the Nitriding Treatments

The parameters nitriding hardness depth (NHDg4gony), compound layer thickness
(CLT), porous zone thickness (CLTp), core hardness, strength as well as the phase com-
position of the compound layer for the nitrided variants of the test gears are compared
in Table 3. Figures 2 and 3 show the hardness curves recorded on the metallographic
cross-section and the light microscopic documentation of the compound layers. For the
reference, the NH D,y is shortly below the targeted value of 0.4 mm, which is due to the
somewhat lower quench and temper strength. The compound layer thickness is approx.
CLT =11 um including a porous zone of approx. CLTp = 4 um. According to X-ray phase
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analysis with chromium radiation, the compound layer consists predominantly of e-nitride.
In addition, a cementite content of 9% was determined.

900
=R

800 = H
200 - \\ VS1
~+VS2
--NC

600 -

500
400 + limit_hardness_ _

300
200
100

0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

hardness in HV0.5

Figure 2. Hardness curves of the nitrided layer variants on the material 31CrMoV9.

The compound layers of the three investigated variants VS1, VS2 and NC differ
significantly in their thickness, structure and composition (see Table 3 and Figure 3). In
variant VS1, a pure y’-nitride layer was formed according to X-ray phase analysis. Variant
VS2 shows also a very high y’-nitride content. During nitrocarburizing, e-nitrides and
carbonitrides are formed preferentially due to the additional carbon supply. The phase
analysis showed that the e-nitride content of the compound layer of the NC variant is
significantly greater than in the variants VS1 and VS2, but that the layer nevertheless is a
mixture of y'-nitride and e-nitride.

The nitriding hardness depth of VS2 appears to be higher than that of the V51 and NC
treatments. When comparing the hardness depth curves (see Figure 2), it is clear that the
different nitriding hardness depth is due to variations in the range of the limiting hardness
of 400 HVO0.5. Overall, it can be stated that these three variants exhibit a nitriding hardness
depth comparable to the reference. As expected, the hardness of the variant NC up to a
depth of approx. 0.3 mm is lower compared to the variants VS1 and VS2 due to the higher
treatment temperature. Compared with the reference state, where a lower heat-treatable
strength was already present before nitriding, there is hardly any difference between the
variants VS1, VS2 and NC.

Instrumented indentation testing was used to determine the hardness of the compound
layer and the porous zone. According to Table 4 similar hardness values were determined
within the compact compound layers. The differences are in the range of the standard
deviation, so it is difficult to make statements regarding the differences. The hardness of
the porous zone could only be determined for the NC variant. Here it can be seen that, due
to its structure, it is somewhat softer than the pore-free part of the compound layer.

Table 4. Micro-hardness (testing force 5 mN) of the compound layers.

Variant Location Hal;li{;ess Standard Deviation
R (reference)
510 °C 30 h Compact compound layer 1049 53.4
VSl Compact compound layer 1094 90.4
520°C42h Ky =1 P P Y -
Vvs2 Compact compound layer 1158 79.8
520°C42h Ky =3 P p 4 .
NC Compact compound layer 1032 24.7
550°C21hKy =1 Kg =0.1 Porous zone 914 39.3
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Figure 3. Microstructure of the compound layers on material 31CrMoV9 in cross-sections etched
with Nital (1000:1): (a) R (reference), 510 °C 30 h; (b) V51,520 °C 42 h Ky =1; (c) VS2,520 °C 42 h
Ky =3;(d)NC,550 °C21 h Ky =1KE =0.1.

3.2. Results within the Load Stage Tests

On the reference test wheels, damages to the compound layer occurred. The damage
always started from the tip edge of the test wheel (beginning of contact). From loads
of pt = 1100 N/mm?, there were initially isolated areas with a spalled compound layer
respectively white layer flaking, so-called according to ISO/TR 10825 [31] (see Figure 4a).
As the load stage test progressed, both the number of affected teeth and, in some cases,
the extent of the damage increased. From a pressure of p& = 1700 N/mm?, a narrow matt
gray zone could be observed in the dedendum flank close to the tooth root of the pinion
(see Figure 4b). A detailed analysis of this area under the scanning electron microscope
shows that the damage is comparable to typical micro-pitting (see Figure 4c) known from
case-hardened gears.
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(a) (b) (c)

Figure 4. Exemplary flank photos of test wheel (a) and test pinion (b) of the reference R after end of
test in the load stage test as well as SEM images of micro-pitting (c).

The influence of the thickness and composition of the compound layer on the micro-
pitting behavior was investigated using the variants VS1 (thin compound layer, y’-nitride),
VS2 (thick compound layer, y’-/e-nitride) and NC (thick compound layer, y’-/e-nitride)
with comparable nitriding hardness depth.

For variant VS1, micro-pitting occurred in the dedendum area of the test pinion from
a load of pi = 1550 N/ mm?, and thus one load level earlier than in the reference. At
the highest load level (pf = 1850 N/mm?), micro-pitting then also appeared in the area
of the tip edge of the test pinion of variant VS1 (see Figure 5a). Variant VS1 is the only
variant examined here, which spalling of the compound layer on the tooth flanks of the test
gears could not be observed for. From a load of p&- = 1700 N/ mm?, unlike the reference,
micro-pitting could be observed on variant VS1 in the dedendum of the test wheel (see
Figure 5b).

(b) (c) (d)

Figure 5. Exemplary flank photos after the end of the load stage test: (a) test pinion of variant VSI1;
(b) test wheel of variant VSI; (c) test pinion of variant NC; (d) test wheel of variant NC.

No micro-pitting was observed on the tooth flanks of the test gears of variant VS2
in the first test run. The spalling of the compound layer on the tooth flanks of the test
wheels occurred only from loads of pf = 1700 N/mm? and was significantly less distinct
compared to the reference. In the second test run, the damage to the compound layer
already occurred from loads of p{ = 1400 N/mm? and with a stronger extent. From a
load of p¢ = 1700 N/mm?, slight micro-pitting on the pinion here could be detected on this
variant VS2.

On the nitrocarburized NC variant, spalling of the compound layer starting from the
tip edge of the test wheels was observed from a load of pf = 1400 N/mm? in the load
stage test. Micro-pitting was observed on the tooth flanks of the test pinions from a load
of p = 1700 N/mm?. The micro-pitting was concentrated mainly on a very narrow flank
area close to the tooth root flank of the test pinions (see Figure 5c¢) and on areas in contact
with damaged parts of the corresponding wheel flank (see Figure 5d).

Figure 6 shows the development of the micro-pitted area GF and the average profile
deviation ff,, on the test pinion of the compound layer variants VS1, VS2 and NC in
comparison with the reference. Both the micro-pitted area and the average profile deviation
on the pinion of variant VS1 are slightly above the values of the reference up to the highest
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load level. The strong increase in the micro-pitted area, with a significantly less extended
increase in the profile deviation of this variant in the last stage BS13, is due to the additional
micro-pitting that occurred in the area of the tip flank. In contrast to the variant VS2 and
the reference, the variant VS1, which was characterized by only a very thin porous zone
(CLTp ~ 0.5 um) before testing, already shows more micro-pitting with very small profile
deviations. With regard to the micro-pitting behavior, the VS2 variant benefits from a more
extended and continuous porous zone of the compound layer.

Load stage test at v, = 2.0 m/s / running time 16 h per stage

30
25 - GFpinion 1%
- ffm,pinion / pm
20 m R (reference)
15 V81 (Ky=1)
10 & VS2 (Ky=3)
e NC
5
Ofe———emag===c== o ——
New BS8 BS9 BS10 BS11 BS12 BS13
- 1100 1250 1400 1550 1700 1850

Load stage p; / N/mm?

Test conditions

Lubricant: FVA3 + 4 % Anglamol 99 Rapinion =0.25-0.29 ym
Injection lubrication: 9,;; = 60 °C Raypeer =0.24 — 0.27 ym

Figure 6. Micro-pitted area GEp;o, and profile deviation f ¢, pinion of the test pinion of the variants
VS1, VS2 and NC compared to the reference in the course of the load stage test.

The NC variant confirms that initially profile deviations without observing micro-
pitting are measured in the dedendum flank area of the test pinions. Only when the
profile deviation is comparable to the magnitude of the porous zone thickness CLTp of
the respective variants or above, micro-pitting can be observed on the tooth flanks. The
nitrocarburized NC variant with a compound layer of about 50% e-carbonitride shows a
comparable micro-pitting behavior to the reference, whose compound layer also consists of
approx. 50% e-nitride.

Irrespective of the roughness in the as-nitrided condition, the test pinions and wheels
of all compound layer variants show comparable roughness values of R, after a partly
significant smoothing (AR, =~ 0.05 ... —0.1 pm) within the first load stage BS 8. Only the
test pinion of the variant VS1 shows a slight increase in surface roughness in the final load
stage BS 13 due to the strongly increasing micro-pitted area.

With regard to the shown results, it is to be noted that only very limited numbers of
load cycles were completed within the load stage tests with a running time of 16 h per
stage. The results indicate that the presence of a porous zone has a decisive influence on
the micro-pitting behavior of nitrided gears. Therefore, it cannot be excluded that longer
running times will completely remove the porous zone resulting in stronger formation of
micro-pitting. However, in case that the load does not lead to the erosion of the porous
zone, it can be assumed that micro-pitting on nitrided gears can be avoided even for long
running times.
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3.3. Results from the Speed Stage Test

After running-in effects within the first speed stage GS 1, the reference showed almost
no optical change in the tooth flanks up to a circumferential speed of v; = 0.25 m/s. In
contrast to comparable investigations on case-hardened gears [27], micro-pitting could here
not be detected. At circumferential speeds of v; < 0.25 m/s, a transition to a wear-related
damage of the nitrided tooth flanks was observed, particularly in the areas above and
below the pitch circle of the test pinion and wheel.

The measurements of the profile shape (see Figure 7) show that the impact of the
contact begin already causes a noticeable profile deviation in the flank area near the tooth
root of the nitrided test pinion within the first speed stage G5 1 (v = 2 m/s). Up to a
circumferential speed of v; = 0.25 m/s, no significant change in this flank shape could be
detected. Only from circumferential speeds of v; < 0.25 m/s, a further increase in material
removal on the flank surface was observed.

__________ tooth tip
as-nitrided 1 5 mm
Ve =0.10 m/s
Ve=2m/s
— V¢ =0.05 m/s
Vs =0.25m/s 10 Him
------ tooth root H

Figure 7. Exemplary measurements of the profile shape of the test pinion of the reference in the
course of the speed stage test.

This transition to a wear-related damage can also be seen in the course of the mass
loss Wy;njon on the test pinions (see Figure 8). From circumferential speeds of v; <0.25 m/s,
a noticeable decrease of the pinions’ mass for all variants can be seen.

Speed stage test at p; = 1850 N/mm?2 / Load cycles at pinion: 100,000 per stage

200
B R (reference)
160 VS1 (Ky=1)
120 ¢ VS2 (K,=3)
e NC
80
40
/-
o® > =
GS2 GS3 GSs4 GS5 GS6 GS7
1.5 1.0 0.5 0.25 0.10 0.05

speed stage v, / m/s

Test conditions
Lubricant: FVA3
Injection lubrication: 9,; = 60 °C

Rapim-on ~(0.29-0.33 Mm
Rawheel =~ (0.23-0.35 Mm

Figure 8. Cumulated mass wear amounts Wy;;,, of the nitrided test pinions of the variants R, VSI,
VS2 and NC in the speed stage test, revaluated to equal numbers of load cycles per speed stage.

To determine the influence of the thickness and composition of the compound layer on
the wear behavior, the compound layer variants VS1, VS2 and NC are plotted in comparison
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with the reference in Figure 8. On variant VS1, a thin compound layer consisting only of
less hard y’-nitride was generated via a nitriding potential Ky = 1. In the course of the
speed stage test on the test pinion, this variant shows a mass loss Wp;jo, comparable to
the reference. In contrast, on the test pinion of variant VS2, with a thicker compound layer
consisting to a small extent of e-nitride (15% ), a very strong increase in the amounts of
Whinion Was observed from circumferential speeds of vy < 0.25 m/s.

The wear amounts determined at circumferential speeds of vy > 0.10 m/s on the
nitrocarburized variant NC are in the range of the reference. In the last speed stage GS 7
(vt = 0.05m/s), a slight increase in mass loss was observed.

The profile deviations of the VS1 and VS2 variants were comparable with the reference.
Only at the test pinions of the NC variant were slightly larger profile deviations measured
from the beginning. The high mass loss of the variant V52 is also represented in a strong
increase of the profile deviation from a circumferential speed of vy = 0.25 m/s (GS 5)
onwards. On the test pinions of the variant VS1, on the other hand, almost no further
change in the profile shape could be detected even at the lowest circumferential speeds.

4. Discussion
4.1. Micro-Pitting Behavior

With regard to the tested nitrided variants, a correlation was found between the micro-
pitted area GFy;;on and the assumed remaining porous zone thickness of the nitrided test
pinion, which was determined as the difference between the average profile deviation
f fm,pinion measured after the corresponding test interval and the porous zone thickness
CLTp before testing, as-nitrided. The analysis (see Figure 9) shows that no significant
micro-pitting occurs as long as there is still a sufficient porous zone thickness available
on the tooth flank. (Note: Inaccuracies in the illustration in Figure 9 are presumably due
to local variations in the porous zone thickness and scattering in the determination of the
occurring profile deviations.)

24 —

20 —
18 —
16

B R (reference)

VSt (Ky=1)

® VS2(Ky=3)

® NC (nitrocarb.)

14

12

10

0 — ol kL ‘ : : ‘

-5.0 -3.0 -1.0 1.0 3.0 5.0 7.0 9.0 11.0
ffm,pinion - CLTp / pm

Figure 9. Micro-pitted area GFypo, Of the test pinions of the variants investigated in the load stage
test as a function of the difference between the profile shape deviation f, yinion measured on the test
pinions and the porous zone thickness in the as-nitrided condition CLTp.
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Crack growth from the surface into the material depth, which is necessary for the
formation of micro-pitting, is appearently inhibited in the area of the porous zone. Conse-
quently, the porous zone is first locally removed before micro-pitting formation can start in
the compound layer.

In closed compound layers of only e-nitride, tensile residual stresses are typically
shown near the surface. With increasing distance from the surface, these change to com-
pressive residual stresses. In contrast, residual compressive stresses are always occurring at
the surface of compound layers of only y’-nitride and in y’-e-mixed layers. These residual
compressive stresses can be as high as —700 to —800 MPa for the material 31CrMoV9 [32].
According to [33], high surface hardness and high residual compressive stresses can help
prevent surface cracking (and consequently the formation of micro-pitting). Compound
layers consisting predominantly of the harder e-nitride are supposed to be characterized
by less at risk in terms of micro-pitting than compound layers containing only less hard
v’-nitride. Accordingly, the variant VS1 with a compound layer of 100% y’-nitride shows
a significantly stronger micro-pitting development than variants with a compound layer
including e-nitride (R, V52 and NC), both with regard to the micro-pitted area and to the
profile deviations.

4.2. Wear Behavior

Figure 10 shows a k¢ ;,in-ciT plot according to Plewe [29] including the actual test
results and the specific wear curves determined by Plewe for unalloyed mineral oils and the
material pairings Eh/Eh (case-hardened/case-hardened) and N/N (nitrided /nitrided). In
addition, the wear coefficients determined on internal gears in the paring Eh/N [34] (case-
hardened planets paired with nitrided ring gear variants R, VS1 and VS2—corresponding to
the nitrided external gear variants) are illustrated in the plot. All the wear coefficients shown
are based in each case on the wear amounts determined for the test pinions (respectively
the test planets, which the material losses include the test and drive gearing for [34]). No
wear coefficients were calculated for the test wheels due to the occurring spallings of the
compound layer (see Figure 4a).

For all nitrided external gear variants, continuously progressive slow-running wear
could be detected in the speed stage test with the unadditivated lubricant FVA 3 and at
lubricant film thicknesses at the pitch point of k¢ i, < 0.02 um. The wear coefficients
determined in the course of the speed stage tests for the nitrided external gear variants R,
VS1 and NC are ranked between the wear curves according to Plewe for case-hardened
and nitrided gearings. Consequently, the scatter range given by Plewe for nitrided gears in
the pairing N/N could not be achieved within the tests with lubricant FVA 3. However,
this scatter range according to Plewe is based on investigations carried out at significantly
lower loads and largely on nitrided gears without a compound layer [29]. Variant VS2
(Kn = 3) showed the worst wear behavior for nitrided gears and is ranked more in the
scatter range for case-hardened gears in the pairing Eh/Eh according to Plewe.

In comparison, all internal gear variants in the pairing Eh/N [34] are ranked in the
scatter range for case-hardened gears according to Plewe. For variant VS2, slightly increased
wear coefficients were determined on the case-hardened planet gears compared to variant
R and VS1. This tendency considering the wear behavior corresponds to the results of the
external gear variants. It can be assumed that gears in the pairing N/N show reduced wear
compared to the pairing Eh/N, where mostly the case-hardened specimen is characterized
by an increased wear development. Consequently, the results confirm that nitriding can
improve the wear behavior of gears compared to other heat treatment processes, such as
e.g., case-carburizing.
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Figure 10. hic ,,,i,-c 7 plot acc. to Plewe [29] showing the experimental results within the speed stage
tests on nitrided external gears in the pairing N/N (and internal gears in the pairing Eh/N [34]).

Influences of compound layer thickness CLT (in the range of 4.1 um to 17.6 um) or
the porous zone thickness CLTp (in the range of 0.5 um to 4.5 pm) on the wear behavior
of external gears in the pairing N/N could not be found on the basis of the results within
the speed stage tests. The main influencing factor is supposed to be represented by the
composition of the compound layer. A comparison of the mass losses of the test pinions at
the end of the test shows that increased wear amounts were determined for variant V52 with
approx. 15% e-nitride. The variants with a percentage of approx. 50% e-nitride (variants R
and NC) and compound layers with 100% y’-nitride (variant VS1) showed a significantly
more favorable wear behavior. The requirements of the standards DIN 3990-5 [17] and ISO
6336-5:2003 [18], according to which a high proportion of e-nitride is recommended, are
basically supported by these results. In addition, the pure y’-compound layer of the variant
V51 (also shown for the internal gear variants [34]) appear to have favorable properties with
regard to the wear behavior of nitrided gears (but not for micro-pitting, see Chapter 4.1).

4.3. Model of the Damage Mechanism and Damage Development

On the basis of the extensive results of the present research, the basic model concepts
for damage initiation and propagation with regard to the damage mechanisms of micro-
pitting and slow-running wear on nitrided gears in the pairing N/N were further developed.
This is based on the following assumptions and basic ideas.
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Micro-pitting could only be detected on nitrided gears when the porous zone in the
corresponding areas of the tooth flank was completely removed. With an intact porous
zone, initial micro-cracks from the surface hit one of the numerous microscopic cavities
after a very short time and cannot propagate any further from there. The porous zone
thus initially prevents the formation of micro-pitting until it is completely removed. As
soon as there is no longer a continuous porous zone on the surface, micro-pitting can occur
in the compound layer. The appearance of micro-pitting on nitrided gears is similar to
the typical appearance on case-hardened gears. When micro-pitting occurs on nitrided
gears, it develops stronger on compound layers of 100% y’-nitride than on a surface of
e-nitride, due to the different structures of the nitrides and stresses. In addition, a porous
zone in the e-compound layer appears to have higher stability than in a less hard, pure
Y’-nitride compound layer. The criterion of a minimum relative lubricant film thickness for
assessing the micro-pitting resistance of nitrided gears therefore only applies to nitriding
layers without a porous zone. The resistance against the removal of the porous zone, on
the other hand, can be influenced by various parameters, such as phase composition of the
compound layer and load. However, the properties of the compound layer are primarily
decisive for the micro-pitting behavior of nitrided gears.

The results of the experimental investigations have also shown that nitrided gears in
the N/N pairing exhibit a significantly more favorable wear behavior than case-hardened
gears. This is due to the increased abrasion resistance resulting from the high hardness of
the compound layer. In addition, the nitrided surface layer exhibits a reduced coefficient
of friction and a reduced adhesion tendency compared to case-hardened gears [35]. A
high porous zone thickness does not seem to have a negative influence on continuously
progressive low-speed wear. The decisive influence on the wear behavior of nitrided
gears therefore is represented by the structure and composition of the compound layer.
Compound layers with a high percentage of e-nitride (>50%) showed an increased wear
resistance. The high proportion of e-nitride, which is predominantly present on the material
surface, prevents rapid, complete removal of the compound layer. Consequently, the
surface offers better wear protection due to the higher hardness of the e-phase. However,
the investigations have also shown that favorable wear behavior can be achieved with
compound layers of pure y’-nitride. Although the avoidance of the e-phase lowers the wear
resistance of the nitrided surface, it may also be possible to avoid increased abrasive wear
due to the harder particles of e-nitride. Significantly stronger wear than for compound
layers with approx. 50% e-nitride or compound layers of pure y’-nitride was observed in
the pairing N/N (and Eh/N for internal gears) for compound layers with only a limited
amount of e-nitride (15%). It is assumed that this proportion of e-nitride is predominantly
present at the surface of the compound layer. Under wear-critical operation conditions, the
material removed from the surface initially contains predominantly very hard particles
which accumulate in the lubricant, while the surface hardness and wear resistance of the
surface decrease as a result of this removal, leading to a noticeable increase in wear.

5. Conclusions

In order to investigate the influence of the compound layer on the tribological load
carrying capacity of nitrided gears, systematic investigations were carried out on the micro-
pitting and wear behavior of nitrided external gears, especially at low circumferential
speeds. The main focus was on the variation of the compound layer thickness and phase
composition. From the extensive investigations of nitrided external gears in the pairing
N/N in load stage and speed stage tests, the following main conclusions could be drawn:

The compound layer is decisive for the tribological behavior of nitrided gears.

No micro-pitting could be observed as long as the porous zone was present.

The wear behavior was not influenced by compound layer or porous zone thickness.
Compound layers with either 100% y’-nitride or with a high percentage of e-nitride
(>50%) showed an increased wear resistance, while only low contents of e-nitride have
a negative effect on the wear behavior.



Lubricants 2022, 10, 88 17 of 18

A high proportion of e-nitride within the compound layer, consequently offers the
highest potential for an optimum compromise between wear and micro-pitting resistance.
The transferability of the recommendations considering the damage type pitting is currently
investigated at FZG and IWT. For applications, in which either only the wear resistance or
only the micro-pitting resistance is decisive, compositions of the compound layer deviating
from these specifications may offer advantages under certain circumstances.
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