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Abstract

Worm gears are usually used in industrial applications with the material pairing of hard worm and softer worm wheel,
where the failure mode wear often limits the service life. Up to now, extensive, costly and time-consuming component
wear tests need to be carried out for each tribological pairing in order to calculate the amount of wear on worm wheels.
Therefore, no practical and efficient experimental method is currently available to optimize material-lubricant pairings
with respect to wear capacity for worm gear drives. For this reason, a model contact wear test was developed applying
a twin-disk test rig. Based on this, the paper covers a new wear calculation method to characterize the wear behavior
of steel-bronze rolling-sliding contacts regarding worm wheels. Therefore, the basics for the new calculation method for
a model contact will be presented. Furthermore, the validation of the newly developed wear calculation method on the
basis of test results of experimental investigations using the twin-disk test rig is addressed. Subsequently, results of the
new wear calculation method are compared to results of the wear calculation method for worm wheels for individual
tribosystems. Special focus will be given to similar trends in the calculated wear between the worm gear contact and the
model contact. This new calculation method enables, in combination with wear tests on the twin-disk machine, efficient
information on the wear behavior of worm gears and the development of optimized material-lubricant pairings concerning
wear performance for worm gear drives.

Berechnungsmethode zur Beurteilung von Verschlei3 bei Stahl-Bronze-Walzpaarungen hinsichtlich
Schneckengetrieben

Zusammenfassung

Schneckengetriebe werden in industriellen Anwendungen oftmals mit der Werkstoffpaarung harte Schnecke und weicheres
Schneckenrad eingesetzt, wobei die Lebensdauer héaufig durch den Verschleil am Schneckenrad begrenzt wird. Bisher
sind fiir jede tribologische Paarung umfangreiche und zeitintensive Komponentenverschlei3versuche am Schneckenge-
triebepriifstand durchzufiihren, um den Verschleil an Schneckenriddern berechnen zu konnen. Zur effizienten Ermittlung
des Verschlei3verhaltens wurde deshalb eine VerschleiBmethodik am Zweischeibenpriifstand entwickelt. Darauf aufbauend
wird eine neue VerschleiSberechnungsmethode zur Charakterisierung des Verschlei3verhaltens von Stahl-Bronze-Wilzkon-
takten im Hinblick auf Schneckenriddern in Anlehnung an die ISO/TS 14521 [1] abgeleitet und in diesem Beitrag vorgestellt.
Dazu wird der Berechnungsablauf prisentiert und eine Validierung anhand von Versuchsergebnissen aus experimentellen
Untersuchungen am Zweischeibenpriifstand vorgenommen. Anschlieend werden die Ergebnisse der neuen Verschleiflbe-
rechnungsmethode mit den Ergebnissen der Verschlei3berechnungsmethode fiir Schneckengetriebe nach ISO/TS 14521 [1]
fiir unterschiedliche Tribosysteme verglichen.

1 Introduction
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line of contact
—

R, Fig. 1 Abstracted tooth contact
using rollers acc. to [2]

trial applications mostly use pairings of a hard worm (case-
hardened steel/tempered steel) and a softer worm wheel
(bronze/cast iron). Due to relatively large sliding portions
during the rolling-sliding of the worm gearing, wear occurs
in small gear box sizes, which manifests itself predomi-
nantly on the bronze worm wheel and can limit the service
life or the function of the gear box.

Due to the complex loading conditions and the lack of
knowledge about the influence of the material-lubricant
pairing the estimation and calculation of the wear load
capacity is complicated. Therefore, extensive experimen-
tal component tests on a worm gear test rig are necessary
in order to be able to predict the wear load capacity for
a material-lubricant pairing. The wear methodology devel-
oped on the twin-disk test rig, in combination with the new
calculation method presented in this paper and based on
two disks, should lead more quickly to knowledge about
the abrasive wear behavior of steel-bronze rolling-sliding
contacts such as those used in worm gear drives.

The analogy by means of two disks was already used
by Weber and Niemann [2]. They abstract the worm gear
contact along the line of contact into individual sections
with simplified rollers, as shown in Fig. 1.

Based on this, Wilkesmann [3] developed a software pro-
gram for the calculation of load carrying capacity parame-
ters by means of substitute rollers. Based on Wilkesmann,
Predki [4] continues the analytical contact calculation on
simplified rollers and defines dimensionless characteristic
parameters, which represent a basis for the load capacity
calculation according to ISO/TS 14521 [1]. The wear cal-
culation for worm gears according to Neupert [5] contained
in ISO/TS 14521 [1] is consequently based on the descrip-
tion of the worm gear tooth contact by means of substitute
rollers. It is therefore an obvious step to determine wear pa-
rameters on a twin-disk contact as presented in this paper.

2 State of the art

Numerous experimental investigations have been performed
on tribometers for the material pairings steel/steel and steel/
plastic. For the material pairing steel/bronze, there are sig-
nificantly less investigations in literature. Oehler et al. [6]
investigate the friction of steel-bronze contacts on a twin-
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disk rest rig under boundary and mixed lubrication to an-
alyze the local coefficient of friction of a worm gear box.
Octrue [7] studies the relationship between the initiation
of pitting failure and Hertzian pressure with steel-bronze
pairing on a disk-roller test rig and transfers the results to
worm gears. The authors are not aware of any paper in
which systematic wear investigations have been carried out
on the twin-disk test rig for steel-bronze pairing. Therefore,
the focus of the following part is on wear investigations of
worm gears.

2.1 Wear investigations of worm gears

Steel-bronze rolling-sliding contacts are found in applica-
tions such as worm gears, hence the focus on worm gear
drives in the following. Due to the sliding conditions of
worm gear drives and the usual hard-soft pairings, wear
cannot be completely avoided. FZG/Heilemann [8] analyzes
the effects of different worm profiles according to Niemann
and Winter [9] on wear behavior. ZC gears (according to
[9]) exhibit lower operating wear in the usual application
range compared to ZI gears.

Nass [10] investigates the effects of bronze composi-
tion on the resulting material structure and load carrying
capacity of the worm wheel. The investigations indicate
that a bronze structure with small grain sizes, high nickel
content of 4 % and phosphorus content less than 0.1 % pos-
itively affects the wear carrying capacity of a worm gear.
Building on Nass, Sievers [11, 12] explores the effects of
casting parameters in centrifugal casting on structure forma-
tion and on the wear carrying capacity of worm gears. Siev-
ers presents an approach to characterize the bronze structure
of worm gears with respect to wear resistance.

In experimental investigations, FZG/Weisel [13] estab-
lishes that worm gear drives with small center distances
exhibit comparatively high wear rates compared to large
sizes due to the lower circumferential speeds and poorer
lubricant film formation.

2.2 Wear calculation of worm gears

According to Meng and Ludema [14], more than 300 differ-
ent methods for calculating friction and wear processes exist
in the literature. The currently available calculation methods
usually include empirically determined factors that capture
the complex interaction between material and lubricant.

Based on the work of FZG/Weisel [13], FZG/Sigmund
[15] developed a wear calculation method for worm gear
drives with incomplete contact pattern. This method can be
used to calculate operational wear during the development
of the contact pattern in the running-in.

Based on Archard equation [16] and considering lubri-
cation, a wear model for worm gears is presented by Jbily
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et al. [17]. The validation shows that higher wear is deter-
mined with the calculation compared to the experimental
results.

Similarly, Sharif et al. [18] present a wear calculation for
worm gear drives based on Archard equation [16] to deter-
mine the calculated wear per meshing cycle. The model pro-
vides for an individual adaptation to the considered gearing
by adjusting the lubricant film thickness, taking into account
the wear pattern observed in experimental investigations.

Daubach et al. [19] present a wear simulation that is
transient and therefore able to predict the evolution of the
contact pattern over time. The simulation includes a tooth
contact analysis and a tribological approach to calculate the
tooth friction coefficient and further the wear.

Based on the wear model according to Archard [16],
FZG/Neupert [5] develops a wear calculation for worm
gears using a wear intensity Jw and thus creates the ba-
sis for the wear calculation according to ISO/TS 14521
[1]. For this purpose, he introduces local parameters such
as the minimum mean lubricant film thickness /Aminn, the
mean sliding path s,, and the mean wear path sw, on the
basis of dimensionless characteristic parameters according
to Predki [4]. This wear calculation is widely used and
forms the basis for the calculation of wear for worm gears
in this paper.

FZG/Norgauer [20] investigates the wear behavior of
small worm gears and shows that the wear calculation ac-
cording to ISO/TS 14521 [1] is applicable for small gear
sizes.

2.3 Conclusion from the state of the art and
problem formulation

For a most accurate possible wear calculation for worm
gears, as for example according to ISO/TS 14521 [1], char-
acteristic wear values need to be determined experimentally
for the selected material-lubricant pairing. For this purpose,
wear tests are currently carried out on worm gear test rigs,
although these tests are very time-consuming and subject
to a high degree of scatter [20]. Therefore, no practical
and efficient experimental method is currently available to
optimize material-lubricant pairings with respect to wear
capacity for worm gear drives.

Furthermore, an efficient and low scatter experimental
methodology and wear calculation are desirable to develop
optimized material-lubricant pairings with respect to wear
performance for worm gear drives.

3 Experimental investigations
3.1 Twin-disk test rig and disks

The experimental wear tests on the model test rig are carried
out on the FZG twin-disk test rig, which is shown schemat-
ically in Fig. 2. The following description and formulations
are mainly based on Ebner et al. [21]. The test rig consists
of two disks, which represent the test specimens and are
driven independently of each other by means of an electric
motor. Thus, the variable speed setting of the disks allows
different sum speeds and sliding speeds in the disk contact.
A pneumatic cylinder is used to continuously apply the nor-
mal force to the disks, pressing the flat running tracks of
the disks together. The upper disk is rotatably mounted in
a skid. The lower disk is rotatably mounted on a skid, which
is horizontally movable and supported by spring bands on
a load cell. This allows the frictional force, which will not
be discussed in this article, to be measured.

As a further measured parameter, the bulk temperature
of the steel disk is recorded with a Pt 100 sensor. A Mettler
Toledo XPR2004SC balance is used to determine the wear
rate. The manufacturer gives typical values for linearity
deviation as 0.5mg and for repeatability as 0.3mg with
a readability of 0.1 mg.

The test disks show an outside diameter at the running
surface of 80mm and are cylindrical, so there is line con-
tact in the contact area of the disks, as is the case with
worm gear drives. Each time the disks are removed and
installed, the contact pattern is checked by means of a con-
tact pattern sheet, thus preventing edge contact. The width
of the bronze disk is 10mm and the width of the steel
disk is 12mm. The measured surface roughnesses are in
the range of Ra~ 0.8...1.0 um for the bronze test disks and
Ra=:0.4..0.6 um for the steel test disks. The measurement
is performed in the width direction, as the disks are pro-
cessed in the circumferential direction.

upper disc
V2

load cell
(normal load F,)

. @\l
spring for preload

\&
]

upper skid

pivot arm
pivot

mount
pneumatic lower skid lower disk load cell
cylinder Vi; 9y (friction force Fg)

Fig.2 FZG twin-disk test rig [22]
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The tests are performed with injection lubrication at an
oil volume flow of Qoi=1.41/min at an oil injection tem-
perature of Jx=100°C. With the higher oil injection tem-
perature compared to the injection temperature of 80°C
for the worm gear tests, even more unfavorable lubrication
conditions can be achieved. Due to the test rig design, it is
not possible to reduce the minimum sum velocity—which
has a decisive influence on the lubricant film formation—to
below 0.5 m/s. The influence of the higher injection temper-
ature on the test results is compensated by the calculation
method presented, as is the case with the wear calculation
for worm gear drives in accordance to ISO TR 14521.

3.2 Worm gear test rig and gears

The experimental component wear tests are carried out on
a worm gear test rig. The following description and formu-
lations are mainly based on Sigmund [23]. Figure 3 shows
the schematic design of the test rig based on the motor-
generator principle. Here, the electric motor (1) provides
the input torque 7' on the input side.

The shaft of the electric motor is connected to the worm
shaft of the test gear box (2). The test gearbox converts the
input speed n; and the input torque 7 according to the gear
ratio. The worm gear shaft on the output side is connected
to a reduction gear box (3). This converts speed and torque
for the generator (4).

The input torque 7, and output torque 7, are measured
using torque measuring shafts directly in front and behind
the test gear box. The bulk temperature of the worm wheel
is measured using a NiCr-Ni sensor. The amount of wear
is determined on a Mettler Toledo XPR5003S balance. The
manufacturer specifies typical values for the linearity devi-

Fig.3 Worm gear test rig center distance a=100mm

Table2 Oil data

Table 1 Basic worm gear geometry data
Standard reference gear according to ISO/TS 14521 [1]

Center distance a mm 100
Normal pressure angle On ° 20
Teeth ratio 71/72 - 41/2
Normal module my mm 4
Worm reference diameter dmiT mm 36
Worm wheel reference diameter dm2r mm 164
Face with bon mm 30
Reference lead angle of worm Yml ° 12.5

ation as 2mg and for the repeatability as 1 mg with a read-
ability of 1mg.

The main geometrical data of the worm gears used can
be seen in Table 1.

The surface roughnesses are measured in the middle
of the tooth flank from the tooth root in the direction
of the tooth tip. In the new condition roughnesses of
Ra=0.4..0.6 um for the worm shafts and Ra=0.5...0.8 um
um for the worm wheels are measured. Thus, the rough-
nesses of the gears are in a comparable range to the
roughnesses of the test disks.

The tests are performed with injection lubrication at an
oil volume flow of Qoi=71/min at an oil injection temper-
ature of ¢z=80°C.

3.3 Materials and oils

The parameters of the oils used, which are necessary for
the calculation, are shown in Table 2. All oils are based on
polyglycols. Oil 1 is available in three different viscosities.
Oil 3_wAW contains no explicit anti wear additive and is
otherwise the same than oil 3.

The same materials are used for the disk tests and the
worm gear tests:

o 16MnCr5 case hardened and grounded: lower disk and
worm
o GC-CuSnl12Ni2: upper disk and worm wheel

4 Experimental results

The following experimental results are only briefly pre-
sented, but not explained in detail, as they are only used for

Oil designation 0il 1-220 Oil 1-460 Oil 1-680 0Oil 2 0Oil 3 Oil 3_wAW
Density ¢ at 15°C / kg/m? 1060 1074 1075 1075 1055 1055

Kin. viscosity vao / mm?/s 220 460 680 320 460 460

Kin. viscosity vioo / mm?/s 40 71 110 57 75 75

@ Springer
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Fig.4 Experimental results on the worm gear test rig for oil 3 and
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Fig.5 Experimental results on the twin-disk test rig for different vis-
cosities of oil 1 contains three tests each

the validation of the calculation method. In the diagrams,
the number of tests for one operating condition is noted.
The scatter of the results is indicated with error bars, al-
though for the temperatures this is so low that no error
bars are visible. A running-in of the disks and gears is per-
formed before the wear measurements. The results of the
experimental wear tests on the worm gear test rig are struc-
tured by the operating conditions such as input speed n;
and the output torque 7> and are shown in Fig. 4 for oil 3
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Fig.6 Experimental results on the twin-disk test rig for oil 2 contains
two tests each
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Fig. 7 Experimental results on the twin-disk test rig for oil 3 contains
two tests each

and oil 3_wAW. The evaluation is carried out according to
ISO/TS 14521 [1].

The results of the experimental wear tests on the twin-
disk test rig are structured by the operating conditions such
as sum velocity vs, the slip ratio s (= 100%-(v;—v,)/v;) and
the Hertzian pressure py and are shown for oil 1 in Fig. 5,
for oil 2 in Fig. 6, for oil 3 in Fig. 7 and for oil 3_wAW
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Fig.8 Experimental results on the twin-disk test rig for oil 3_wAW
contains three tests each

in Fig. 8. The evaluation is carried out in Sect. 5 using the
presented calculation method.

5 New calculation method for wear of
rolling-sliding contacts

The newly developed calculation method for calculating
abrasive wear for the twin-disk contact for the steel-bronze-
pairing is derived from the procedure for worm gear drives
according to ISO/TS 14521 [1]. In this process, the abrasive
wear of the bronze disk is defined as evenly distributed over
the width of the disk and normal to the running track in the
direction of the radius. The wear is described as the running
track loss dw and is calculated by means of the wear path
sw and the so-called wear intensity Jw as follows:

Sw = Jw(Kw) - sw . )]

The wear path sy describes the wear distance covered
over the running time A¢ and is defined with the sliding
speed v, as follows:

sw =vg - Al . (2)

The sliding speed v, is defined from the tangential veloc-
ities of the running track of the disks v, and v, as follows:

Vg =V — Uy . 3)

@ Springer

The wear intensity Jw is a de-dimensioned parameter and
is determined experimentally on the twin-disk test rig for
each material-lubricant pairing depending on the lubrica-
tion conditions. The lubrication conditions are incorporated
in the lubricant film thickness parameter Ky, which can be
calculated. Thus, for each material-lubricant pairing inves-
tigated, the function between the wear intensity Jw and the
lubricant film thickness parameter Ky must be derived to
calculate wear. To derive the function, the total material
loss of the bronze disk for a single lubrication condition (i)
is determined on the twin-disk test rig. For this lubrication
condition (i), the running track loss dw; is calculated with
the total material loss m,.,;, the running track area A, and
the density o of the bronze disk as follows:

Moo
S = 2 4
W.,i AL p ( )

The running track area A, is assumed to be constant
during the test run and is defined from the diameter of
curvature D, of the bronze disk and the width b of the
running track.

AL=D2'7T'b (5)

Using the experimental determined running track loss
Sw,i (Kw,;) for a lubrication condition (i) and the wear
path sw;, the wear intensity Jw, is calculated according to
ISO/TS 14521 [1] as follows:

Sw,i (Kw,i)

Jw,i(Kw,i) = o
i

(6)

If the wear intensity Jyw, is determined for at least two
lubrication conditions (i), a function between wear inten-
sity Jw and lubricant film thickness parameter Ky can be
specified by means of regression calculation for a material-
lubricant pairing. In Sect. 6 this is presented as an example
for two material-lubricant pairings.

To describe the lubrication condition, the calculation of
the lubricant film thickness parameter K is presented in the
following. The calculation is based on the minimum lubri-
cant film thickness ., and is modified with the lubricant
structure factor Ws and the pressure factor Wy according to
ISO/TS 14521 [1]:

Kw = hmin - Ws - Wa . @)

The lubricant structure factor Ws takes into account
the different viscosity behavior of polyglycols and polyal-
phaolefins with regard to wear behavior compared to
mineral oils [5]. The pressure factor Wy considers the in-
fluence of the contact pressure on the wear behavior [24].
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The choice of the factors Ws and Wy is discussed following
the calculation presentation. The minimum lubricant film
thickness is calculated according to Dowson and Higginson
[25] with the dimensionless characteristic parameters for
the line contact G, U and W to:

Bin = 2.65- G4 U7 . wOB . R (8)

The material parameter is defined according to Dowson
and Higginson [25] as follows:

G=a, E. ©)

The lubricant film formation is significantly determined
by the conditions in the inlet of the elastohydrodynamic lu-
brication (EHL). Therefore, Simon [26] proposes the bulk
temperature and the pressure p=200MPa as conditions for
the calculation of the pressure viscosity exponent a,(th,p).
The lubricant film thicknesses calculated with these condi-
tions show good correspondence with measurements at the
FZG twin-disk test rig [26]. Accordingly, these conditions
are used for the lubricant film thickness calculations of the
EHL contact. The calculation of the pressure viscosity ex-
ponent ,, is carried out for the disk model according to the
Modul equation [27]:

1
ar+a - Oy +(b1+by-Oy)-p

ap(Ou.p) = (10)

As coefficients for the pressure viscosity exponent, the
values determined for the commercial oil GH 6-460 from
the investigations on FVA 729 II [28] are applied as an ap-
proximation for the oils used, since this shows comparable
properties to the oils investigated. The characteristic speed
value U is calculated according to Dowson and Higginson
[25] as follows:

=77(TM)'UE’

U
E/-R

(11)

The dynamic viscosity 7 is calculated according to
ISO/TS 14521 [1] for the wear calculation as a function of
the bulk temperature and the ambient pressure. For compa-
rability of the disk and worm wear calculation, the dynamic
viscosity 7 in the inlet of the EHL contact is determined
with the same conditions according to DIN 1342-2 [29].

n(Tu) =v(Ty) -0 (12)

The kinematic viscosity v is determined as a function of
temperature and the directional parameter m according to
DIN 51563 [30].

v(Tar) = exp(exp(m - (1g(T1) = 1g(Tr)) (13)
+1g(lg(v; +0.8)))) - 0.8
= lg(lg(vy +0.8)) —1g(1g(v, + 0.8))
12(T2) - 1g(T)
The sum velocity vxis defined by the tangential velocities

of the running track of the disks and serves as entrainment
speed for the EHL film formation.

(14)

Vs = VU1 + 0 (15)

The load parameter W is calculated according to Dowson
and Higginson [25] as follows:

sz-n-(’;—"/’)z. (16)

For line contact, the Hertzian pressure py is calculated
with the reduced Young’s modulus E/ and the reduced ra-
dius of curvature R according to Niemann and Winter [31]
as follows:

_ FN -Er (17)
PH 2-m-R- leff ’
E/r= 72 18
S ey e (18)
E T

The reduced radius of curvature R is used to describe the
geometry of the investigated disk contact and is calculated
according to Niemann and Winter [31]:

D,-D,

R=—-—"".
2-(Dy+ Dy)

(19)

According to ISO/TS 14521 [1], the lubricant film thick-
ness parameter Kw is composed of the minimum lubricant
film thickness &..,» and the factors Ws and Wy, The impact
of the lubricant structure factor Ws introduced by Neupert
[5] and the pressure factor Wy defined by Steingrover [24]
on the developed disk wear calculation are studied below.
For this purpose, experimental investigations are carried out
with different contact pressures for several material-lubri-
cant combinations.

The results are plotted in Fig. 9 in the form of wear in-
tensity versus minimum lubricant film thickness A, as is

@ Springer



968

Forschung im Ingenieurwesen (2023) 87:961-971

100
00il 2, GC2 350 MPa o Oil 2, GC2 450 MPa
+0il 3, GC2 450 MPa = Qil 3, GC2 650 MPa

. ® Oil 3, GC4 450 MPa_4 Oil 3, GC4 650 MPa

S 10 o,

- l"-El;_-,‘

=5 ""n._,_

£ o

g ° =

E '.\.- ‘.,

5 NN

£ 0.1 [16MnCr5, "%,

GC-CuSn12Ni2 (GC2)or| ™,
GC-CuSn12Ni4 (GC4) »
Injection lubrication
0.01
0.01 0.1 1

Minimum lubricant film thickness h,,,, / pm

Fig.9 Influence of different contact pressures for various material-lu-
brication pairings: wear intensity over minimum lubricant film thick-
ness
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Fig. 10 Influence of different viscosities: wear intensity over minimum
lubricant film thickness

also usual for worm gear drives according to ISO/TS 14521
[1]. It can be seen that the wear intensity and thus the
wear on the bronze disk increases with decreasing mini-
mum lubricant film thickness (for example, for a decreas-
ing sum speed). For the different contact pressures inves-
tigated, approximately congruent wear intensity lines are
evident for the same material-lubricant pairing. Therefore,
no additional influence of the contact pressure on the devel-
oped wear calculation is to be assumed, for which reason
the pressure factor for the disk wear calculation is set to
Wy =1.

@ Springer
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Fig. 11 Influence of different viscosities: wear intensity over lubricant
film thickness parameter

To analyze the lubricant structure factor Ws, experimental
investigations are carried out with three different viscosities
of the polyglycol-based oil 1.

In Fig. 10 the wear intensities are plotted against the
minimum lubricant film thickness A,.... The wear intensities
of the oils with different viscosities diverge. Consequently,
the calculation approach does not adequately estimate the
effect of viscosity on the lubricant film thickness /%, for
the polyglycol-based oil. The same effect is observed by
Neupert [5] for the wear calculation for worm gears when
polyglycols are used, and therefore the lubricant structure
factor Wy is introduced. For the present calculation ap-
proach, the lubricant structure factor Ws is determined as
follows for polyglycols and polyalphaolefins analogous to
ISO/TS 14521 [1]:

1

=, 20
7 (Tar)*> (20)

Ws

The wear intensities considering the lubricant structure
factor Ws are shown in Fig. 11. The individual wear in-
tensity lines for the lubricants with different viscosities are
now closer together, with a simultaneous shift in the wear
intensities towards more favorable lubrication conditions.
A comparable characteristic is observed by Neupert [5] for
the introduced lubricant structure factor Ws for worm gears.

6 Application of the calculation method

The validation of the presented calculation method is car-
ried out using two oils for several operating conditions,
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Fig. 12 Coefficient of determination for the calculation method

as shown in Fig. 12. The wear tests are subject to scatter.
To describe the correlation between wear intensity Jw and
lubricant film thickness parameter Ky, a regression calcu-
lation is therefore used to determine a compensation curve.
This is represented in the double logarithmic diagram as
an averaging straight line. For Oil 2 and Oil 3 the calcu-
lated functions between wear intensity Jw and lubricant film
thickness parameter Ky are as follows:

Jw,oip =5.7 - 10710 K‘;.Sl 7 on
Jw.om =7-107" . K227 o)

The coefficient of determination is used to assess the
quality of the regression. With R?=0.94...0.97, these values
are in a high range and indicate a good fit for the determined
wear intensities of both lubricants. In conclusion, it can
be stated that the derived disk wear calculation suitably
describes the wear behavior for the operating conditions
and lubricants investigated.

7 Comparison of wear behavior between the
model contact and the worm gear contact

In the following, the established worm wear calculation
method according to ISO/TS 14521 [1] is compared with
the wear calculation presented within this paper for the
model rolling-sliding contact (disk wear calculation) for
two lubricants in Fig. 13. For both calculation approaches,
the wear intensity for “Oil 3_wAW” is above that for
“Oi1l 3”. Likewise, the wear intensities for both oils are

Lubricant film thickness parameter K, / -

Fig. 13 Comparison of wear intensity between model contact and
worm gear contact

shifted nearly in parallel for both calculation approaches.
A direct comparison of the wear lines shows a greater
gradient and a wear intensity shifted to higher wear rates
for the disk wear methodology compared to the worm
gear method. Thus, the disk wear calculation shows the
same tendencies as the worm wear calculation. This allows
conclusions to be drawn about the wear behavior in the
worm tooth contact. In the future, this offers the potential
to develop targeted material-lubrication pairings for low
wear on worm gear drives.

8 Conclusion

Overall, it can be shown that the wear behavior for a steel-
bronze pairing can be described with the derived wear cal-
culation for bronze disks based on the test methodology on
the twin-disk test rig. Furthermore, similar trends in wear
behavior can be observed between worm gears and disks.
Consequently, conclusions on the wear behavior of worm
gear drives are possible with the derived wear calculation.
The calculation method presented in combination with the
test method on the twin-disk test rig therefore offers an
efficient way to predict the wear behavior of steel-bronze
rolling-sliding pairings, as in the case of worm gear drives,
for different material-lubricant pairings. This results in the
possibility of designing targeted material-lubrication pair-
ings for low wear on worm gear drives in the future.
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Table3 Symbols

Ap mm? Running track area

a mm Center distance

a; N/m? Lubricant parameter

a N/ (m?°C) Lubricant parameter

b, - Lubricant parameter

b, 1/°C Lubricant parameter

D mm Diameter of curvature

E N/mm? Young’s modulus

E/ N/mm? Reduced Young’s modulus
Fn N Normal-load

G - Material parameter

Pmin wm Minimum film thickness
Jw - Wear intensity

Kw - Lubricant film thickness par.
Leg mm Effective width

m - Direction parameter

Mg mg Total material loss

p N/m? Pressure in contact area
DPH MPa Hertzian pressure

R mm Reduced radius of curvature
Sw mm Wear path

T K Test temperature

Ty K Bulk temperature

At s Running time

U - Velocity parameter

v m/s Velocity

Vg m/s Sliding velocity

vy m/s Sum velocity

w - Load parameter

Wy = Pressure factor

Ws - Lubricant structure factor
op m?/N Pressure viscosity factor
Sw mm Running track loss

n Ns/m? Dynamic viscosity

Py °C Bulk temperature

v - Poisson ratio

v m?/s Kinematic viscosity

o kg/m? Density

Indices

1 - Lower disk/test temperature 1
2 - Upper disk/test temperature 2
9 Symbols

The symbols are shown in Table 3.
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