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Abstract
Wear phenomena in worm gears are dependent on the size of the gears. Whereas larger gears are mainly affected by
fatigue wear, abrasive wear is predominant in smaller gears. In this context a simulation model for abrasive wear of worm
gears was developed, which is based on an energetic wear equation. This approach associates wear with solid friction
energy occurring in the tooth contact. The physically-based wear simulation model includes a tooth contact analysis and
tribological calculation to determine the local solid tooth friction and wear. The calculation is iterated with the modified
tooth flank geometry of the worn worm wheel, in order to consider the influence of wear on the tooth contact. Experimental
results on worm gears are used to determine the wear model parameter and to validate the model. A simulative study for
a wide range of worm gear geometries was conducted to investigate the influence of geometry and operating conditions
on abrasive wear.

Verschleißsimulation von Schneckengetriebenmit energetischem Berechnungsansatz

Zusammenfassung
Abhängig von der Baugröße des Schneckengetriebes treten unterschiedliche Verschleißformen an der Schneckenverzah-
nung vorwiegend auf. In großen Getrieben ist dies häufig Ermüdungsverschleiß in Form von Grübchen, wohingegen bei
kleineren Getrieben meist abrasiver Verschleiß vorherrschend ist. Im Rahmen einer Untersuchung zum abrasiven Verschleiß
von Schneckengetrieben wurde ein Simulationsmodell entwickelt, mit welchem Verschleiß an Schneckenverzahnungen auf
Basis eines energetischen Ansatzes vorhergesagt werden kann. Der lokale Verschleißberechnungsansatz verbindet Ver-
schleiß mit der im Zahnkontakt entstehenden Festkörperreibungsenergie. Das physikalisch begründete Simulationsmodell
beinhaltet eine Berechnung des Eingriffsfeldes und der tribologischen Größen im Zahnkontakt, um die Festkörperreibungs-
energie und den Verschleiß lokal zu ermitteln. In der iterativen Verschleißsimulation erfolgt nach jedem Berechnungsschritt
eine lokale Anpassung der Flankengeometrie des Schneckenradzahnes entsprechend der rechnerischen Verschleißabträge,
um den Einfluss von Verschleiß auf den Zahnkontakt in den nachfolgenden Berechnungen zu berücksichtigen. Für die Er-
mittlung des Verschleißkoeffizienten des energetischen Modells sowie für die Validierung des Simulationsmodells wurden
experimentelle Ergebnisse verwendet. Mit dem Simulationsmodell wurde weiterhin eine Parameterstudie durchgeführt, um
Zusammenhänge zwischen geometrischen Verzahnungsgrößen, Betriebsbedingungen und Verschleiß zu untersuchen.

1 Introduction

Worm gears are used as transmission elements, where a high
transmission ratio, a smooth operation and high load bear-
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ing capacity is required. These characteristics are combined
with a compact design of the gears in a single gear stage.
The smooth operation is given by a relatively high contact
ratio and the gear’s kinematics, that include a substantial
sliding motion of the worm relative to the contact point. In
return, the sliding contact conditions are the reason for fric-
tional power losses and in case of boundary friction also for
wear. To prevent scuffing in tooth contact, the most com-
mon material combination is a bronze wheel and a hardened
steel worm. The difference in hardness leads to wear mainly
on the worm wheel.
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The main wear phenomena in worm gears with a bronze
wheel and a steel worm are abrasive wear on the surface
and fatigue wear in the subsurface. Abrasive wear occurs
because of an insufficient lubricant film and sliding con-
tact of surface asperities. The contact of two surfaces can
be accompanied by wear particles in the lubricant which is
termed as three body abrasive wear [1]. Fatigue wear ap-
pears in the form of pitting due to a too high stress level
under cyclic pressure load. Here, a main factor for the load
bearing capacity of worm gears is the size of the contact
pattern. Usually, the worm wheel is manufactured with an
oversized hob, resulting in a relatively small contact pat-
tern in the first place. Furthermore, manufacturing errors as
pitch errors are responsible for local stress concentration.
At the beginning of the gear operation, abrasive wear on
the worm wheel teeth increases the contact pattern and re-
duces thereby the contact pressure. This initial wear process
(running-in) with severe wear rates is more pronounced in
small than in large gear boxes, because of a lower entrain-
ing speed and thereby a poorer hydrodynamic lubricant film
formation. Thus, large gears often do not reach a full con-
tact pattern and load bearing capacity, leading to a higher
risk for fatigue wear.

For the design of worm gears a precise estimation of
wear for certain operating conditions is crucial. An efficient
method for wear prediction is given by wear simulation
models. The main objective of the herein presented wear
model and the simulative wear study is abrasive wear. The
energetic wear model of Fleischer [2] is used to calculate
wear based on friction energy transferred into the tribolog-
ical contact. The wear model is coupled with a physical-
based simulation model for friction in worm gears.

2 State of the art

In literature, several studies on wear modelling and calcu-
lation can be found. A detailed overview of the different
approaches is given in [3]. In most cases wear is calculated
based on the contact pressure using the empirical model of
Archard [4]. The model includes furthermore the hardness
of the softer material in contact, the sliding distance and
an experimentally determined wear coefficient. Jbily et al.
implemented this model in their numerical wear calculation
of worm gears [5]. The wear coefficient was defined locally
for each contact point by the ratio of local lubricant film
thickness and surface roughness. Sharif et al. modified the
model of Archard to calculate local wear in worm gears
[6]. The original model was supplemented with the sliding
speed and a modified ratio of local lubricant film thickness
and surface roughness.

Pausch [7] developed a wear model based on the assump-
tion, that wear is a result of the penetration of roughness

asperities of both contact surfaces. His model includes a sta-
tistical description of the surface roughness. Wear is locally
applied when the calculated film thickness is smaller than
a local surface roughness parameter.

3 Wearmodelling basedon frictional energy

Under realistic operating conditions, the lubricated contact
of the tooth flanks of worm gears can be assigned to the
mixed friction regime. This means that the asperities of the
surfaces are in contact with each other at certain points
(boundary friction), but at other points these asperities are
separated from each other by a lubricant film (fluid friction).
Depending on the local tribological conditions, boundary or
fluid friction predominates at one point.

Boundary friction is a result of elastic and plastic defor-
mation of asperities of the two surfaces in contact [1]. For
a relative movement of the tooth flank surfaces in worm
gears, frictional energy is required to sustain sliding. Cut-
ting by harder asperities of the worm surface or repeated
plastic deformations along the sliding distance of multi-
ple tooth contacts finally lead to wear on the worm wheel.
Depending on the tribological conditions, different wear
mechanisms are superimposed. However, the physical basis
is considered to be frictional energy. By using an energetic
approach for wear calculation, especially in combination
with a physically-based simulation model for friction, valid
results for various gear geometries as well as tribological
conditions are expected.

Fleischer introduced an approach to describe wear in tri-
bological contacts based on friction energy [2], which also
includes a concept for cumulative damage. With relative
motion of both contacting surfaces (sliding) friction energy
is transferred, which is for the most part dissipated as heat
energy. A part of the friction energy is stored in the mate-
rial as lattice defects caused by mechanical deformations.
When the accumulated energy reaches a critical level in
a local volume of material, material fractures and wear par-
ticles form. The critical energy level is given by the wear
energy density eR*, which represents the central parameter
of the wear model of Fleischer and quantifies the linear re-
lationship between frictional energy WR and the volumetric
wear removal Vv (Eq. 1).

VV =
WR

eR� (1)

From this equation can be concluded that a higher wear
energy density results in a higher wear resistance and to
less wear. According to [2] the wear energy density can be
calculated based on theoretical considerations. However, in
related literature values were often determined with exper-
imental data [8–10].
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3.1 Tribological simulation of worm gears

The simulation of tribological conditions in the tooth con-
tact of worm gears has been subject of research at MEGT
for some time. In this context, a simulation tool was de-
veloped with which the coefficient of friction in the tooth
contact of worm gears can be reliably determined [11]. The
simulation tool is based on the work of Predki [12] and
Bouché [13]. The individual components of the simulation
are, on the one hand, an analysis of the geometry and kine-
matics of the gears in order to be able to map contact lines,
local velocity and radii of curvature. Furthermore, a locally
resolved lubricating gap height calculation is carried out
with approximating equations for the elasto-hydrodynamic
contact. In addition, a relationship between the lubricating
gap height and the solid body contact ratio is derived with
the help of an outsourced contact simulation based on the
half-space theory [11]. This parameter describes the pro-
portion of the contact pressure that is applied directly to
the contacting metallic surfaces. It is used to determine the
local division of friction into boundary and fluid friction.
The relationship of gap height and solid body contact ratio
can be described by an approximation equation and thus
integrated into the tribological simulation in a computa-
tionally efficient manner. For this purpose, real measured
three-dimensional surfaces of the tooth flanks of worm and
worm wheel are used as input files. In this way, a local solid
body contact ratio can be determined for each discretization
point of the calculation area. With the help of this param-
eter, boundary friction and fluid friction are then weighted
and combined into a mean coefficient of friction in the
mixed friction regime. The boundary friction coefficient is
determined by twin disc tribometer tests. The internal fric-
tion of the lubricant is determined with the model according
to Bair and Winer under the assumption of a pseudoplas-
tic fluid behaviour. Data on the lubricant used are obtained
from measurements in a high-pressure viscometer.

The total friction in the tooth contact can finally be de-
termined by integrating the local mixed friction coefficient
over the entire contact area of every specific meshing po-
sition. Together with the losses of the bearings and seals
as well as the hydraulic losses in the gearbox, the overall
efficiency of worm gearboxes can thus be calculated. The
workflow of the tribological simulation is described more
detailed in [14].

For a local wear calculation, the friction components due
to solid body contact as well as the contact pressure, which
must be absorbed directly by the surface asperities, are par-
ticularly relevant. These parameters are described here with
the help of the boundary friction coefficient, the flank pres-
sure and the solid body contact ratio at each discretization
point of the meshing area. The meshing area is discretized

Fig. 1 Contact line segment with the dimensions of the Hertz’ian con-
tact area aH and bH, the sliding velocity vg and the velocity v2bn

in contact lines of a specified number of mesh positions and
contact points that divide each contact line in segments.

3.2 Local wear calculation

With the tribological simulation, friction can be calculated
locally for each contact point of the discretised tooth con-
tact. Local friction work WR, required as input for the ener-
getic wear model to calculate the volume loss Vv, is a result
of friction force FR and sliding distance sR and yields with
Eq. 1 in:

VV =
1

eR� �WR =
1

eR� � FR � sR (2)

Load is described in the tribological simulation with a lo-
cal line load wb applied on each contact line segment with an
individual length bH. The tooth contact of each line segment
is modelled as a Hertz’ian contact between two cylinders,
leading to a contact surface with the length of the segment
bH and twice the half width aH (see Fig. 1). Since the solid
body friction is relevant for abrasive wear, only the propor-
tion of the load related to the solid body contact ratio ψ is
considered. Together with the local boundary friction co-
efficient µGr the wear relevant friction force FR is given by
Eq. 3.

FR = wb � bH � �Gr �  (3)

During gear operation each contact point is transferring
load for a certain time tc. In tooth contact, sliding of both
surfaces occurs due to the gear kinematics, quantified by
the sliding velocity vg. The contact time tc depends on the
half width aH and the velocity v2bn of the contact point when
passing over the contact area. The velocity v2bn is the sliding
speed component in normal direction to the contact line
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Fig. 2 Results for the wear
energy density eR* with respect
to the respective mean sliding
velocity vg,m

[12]. The sliding distance sR each contact point experiences
during contact is then calculated according to Eq. 4.

sR = vg � tc = vg � 2aH
v2bn

(4)

The local wear volume is simplified as a cuboid volume
with the Hertz’ian contact area A= 2aH � bH as base area.
The height is then equal to the local wear height δv and
calculated using Eq. 5. With the simplification that wear
only occurs on the worm wheel, the macro geometry of the
worm wheel tooth is for each point individually modified
by a tangential displacement with the respective calculated
wear height. The modification is applied on all wheel teeth
in equal measure.

ıV =
1

eR� � wb � �Gr �  � vg
v2bn

(5)

The micro geometry of the worm wheel surface is unaf-
fected by this modification. However, the microstructure of
the surface changes during wear process. To consider this
effect in the tribological calculations, real measured three-
dimensional surfaces are also acquired for worn surfaces
and evaluated with the contact simulation in terms of solid
body contact ratio (see Sect. 3.1).

3.3 Determination of the wear model parameter eR
*

To adjust the energetic wear model on the tooth contact of
worm gears the wear energy density was determined ex-
perimentally. Due to their kinematics and geometry, worm
gears represent a complex tribological system with large
local differences regarding the contact conditions. For that
reason, measurement data was taken from wear tests on
the original tribological system. The tests were performed

with worm gears with a centre distance of 32mm, 40mm
and 50mm under various load and speed conditions. Within
a single test, output torque and input speed were constant
over the entire time period. As lubrication, polyglycol-
based oil with a viscosity class ISO VG 220 was used.
The worm wheels were made from continuous cast bronze
CuSn12Ni-C-GC (UNS C91700) and the worms from steel
16MnCr5 (1.7131/AISI 5110). All gears were precondi-
tioned and had a full contact pattern before the wear tests,
by which a steady wear rate could be expected from the
very beginning. The simulative study presented in this ar-
ticle (see Sect. 5.3) was focused on worm gears that are
operating in the steady wear phase, which requires values
for the wear energy density related to this phase.

Wear was determined by measuring the mass loss of the
worm wheel and converted into a volume loss with the
density of the bronze material ρ= 8.8g/cm3. The volume
loss was equally distributed on all teeth of the worm wheel
and load cycles for each tooth.

The related friction work WR for a single tooth and com-
plete mesh period was computed with the numerical tri-
bological simulation program. Since friction in worm gear
tooth contact varies during the gear meshing, friction power
loss PR needs to be integrated over time to obtain friction
work. In the case of discretized meshing, friction power
loss PR,i was evaluated for all discrete mesh positions and
multiplied with time Δt between two mesh positions.

WR =
Z
PRdt �

X
i

PR;i � Δt (6)

The wear energy density eR* is then given by the ratio of
friction work and volume loss according to Eq. 1. The ob-
tained wear energy densities of in total 66 wear tests show
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a large scattering, which is partly due to a dependency of
the mean sliding velocity in tooth contact (see Fig. 2). The
results indicate an increasing wear energy density with an
increasing sliding velocity. The diagram includes values of
the standard cast bronze (CuSn12Ni-C-GC) and the treated
cast bronze (CuSn12Ni-C-GCB). Both materials are rele-
vant for industrial worm wheel manufacturing. A similar
dependency between both parameters was found for a ma-
terial combination brass/steel in [9]. Here, the wear energy
density seems to approach a constant value for higher slid-
ing velocities. For illustration of this characteristic, an ex-
ponential function was used to fit the mean values at each
sliding velocity level.

One reason for the remaining scattering at test points
with the same sliding velocity is variation of up to a factor
of three in the measured wear, even under the same test
conditions and nominally identical gears. In contrary, such
differences cannot be represented within the calculation of
the friction work, which results in a variation of the wear
energy density for the respective test point.

In addition, the mean flank pressure differs among all test
points with the same sliding speed due to different load con-
ditions, which could also contribute to the scattering here.
According to the results in [8, 9], the wear energy density
is influenced by the mean contact pressure. However, based
on the available data, no clear pressure dependence of the
wear energy density could be found.

4 Procedure of wear simulation

The presented wear model was included in a worm gear
simulation cluster of the tribological simulation and the ex-
ternal software for worm gear design SNETRA, which is
used to calculate the local flank pressure as well as the
initial discretised worm wheel geometry for the wear sim-
ulation. A detailed explanation on the computation in SNE-
TRA is given in [15]. The wear simulation is designed as an
iterative procedure, initiated with a wear calculation with

Fig. 3 Contact lines of a worm
gear obtained with the tooth
contact analysis (a= 32mm,
z1= 1, z2= 39, mx= 1.25mm)

the initial, manufactured gear geometry. In all subsequent
calculation steps the wear-modified geometry of the wheel
tooth is used to consider the effect on wear on the tribolog-
ical calculations.

The change of the macro geometry of worm wheel has
an effect on the flank pressure distribution within a single
mesh position. During running-in the length of the contact
lines increases, which reduces the mean flank pressure. In
addition, the local wear calculation based on an energetic
model leads to higher wear for contact points that are more
subjected to boundary friction. As a result, the pressure load
moves gradually from points with a higher level of frictional
energy to those with a lower level until the energy level
is balanced. In the energetic equilibrium, the mean flank
pressure is constant and wear occurs equally on all contact
points, which is characteristic for the steady wear phase.
These theoretical considerations are supported by results of
wear on worm gears during running-in phase.

A single calculation step of the wear simulation consists
of the following sequences:

1. Determination of contact lines and local velocities with
a tooth contact analysis for the geometry of worm (initial)
and worm wheel (initial/wear-modified)

2. Calculation of contact pressure distribution and transfer
to the mesh of the tribological simulation

3. Determination of frictional energy and wear through lo-
cal tribological analysis

4. Modification of the worm wheel according to the calcu-
lated wear

5 Tooth contact analysis

The contact lines and local velocities of the worm gears are
determined with an unloaded tooth contact analysis (TCA)
in each calculation step. Here, a parameterised worm tooth
flank according to [16] is paired with the discretised tooth
flank of the worm wheel in the initial or a wear-modified
condition. Load sharing is considered by including multiple
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worm wheel teeth in the tooth contact analysis. The algo-
rithm is based on equality of position vectors for worm and
worm wheel, when located in a common coordinate system:

r2;i.�φ2/ = r1.u; v;φ1/ (7)

Where r2,i represents the point with subscript i of the
wheel tooth flank as a function of the wheel rotation an-
gle Δφ2 and r1 the worm tooth flank geometry according
to [16] as a function of the radius parameter u, the angle
parameter v and the related mesh position angle φ1.

The solution of Eq. 7 leads to the contact point on the
worm flank as well as the required wheel rotation angle Δφ2

for a discrete mesh position for each relevant point of the
worm wheel. A contact line is represented by points with
a minimumwheel rotation angle. This procedure is repeated
for multiple mesh position to determine all relevant points
within the contact area for the current calculation stage
(Fig. 3).

5.1 Concept of wear step and wear calibration

In a single load cycle of the gears a relatively small amount
of wear emerges with only small changes of the tooth shape.
It can therefore be assumed that over multiple load cycles
the amount of absorbed friction energy and wear is ap-
proximately constant in a local tooth contact. In addition,
the wear rate of worm gears decreases during the running-
in phase, which leads to decreasing changes in the tooth
shape between two calculation steps. To obtain an efficient
computation, the concept of equal wear steps is introduced,
where in every calculation step a comparable wear removal
is applied. This includes furthermore, that the maximum
value of the calculated wear height distribution of the en-
tire contact area is compared to a specified wear step. The
wear height distribution is then uniformly scaled according
to the ratio of maximum wear height and wear step. The
wear step is chosen as a balance between a continuous wear

Fig. 4 Discrete wear removal on the worm wheel (blue cuboids) in
comparison with the theoretical continuous wear volume of a single
load cycle indicated with red boundary surfaces

process on the one hand and the computation time on the
other hand.

Another difference to real gear meshing is the limited
number of mesh positions evaluated in the wear simula-
tion. Wear is only calculated for actual contact points with
present flank pressure. For reasons of accuracy, wear is not
interpolated on neighboured points within the contact area,
that are theoretically involved in meshing and load transfer.
This issue is shown schematically in Fig. 4 by contrast-
ing discrete wear volumes obtained in the simulation and
a continous wear volume. For this reason, the calculated
wear volume cannot be compared with the actual volumet-
ric wear removal in a continuous meshing process.

In order to analyse wear with respect to time, wear cal-
ibration is required. A time-related value is given with the
frictional energy that occurs per load cycle and tooth of the
worm wheel. This value was also used for the determination
of the wear energy density eR* (Eq. 6). With the energetic
model (Eq. 1), a theoretical volumetric wear removal for
a single tooth and load cycle is calculated based on the to-
tal frictional energyWR,i of the current calculation step. The
discrete, scaled volumetric wear removal VV,i is calculated
as a cuboid with the local wear height δV and the local area
given by the discretisation. A comparison of the discrete
volumetric wear removal VV,i with the theoretical volume
according to Eq. 8 yields in the corresponding number of
load cycles ΔNi for the current calculation step.

�Ni =
VV;i
WR;i
eR�

(8)

6 Results

6.1 Wear simulation of running-in

A wear simulation was carried out for a worm gear with
a centre distance a= 32mm and a gear ratio i= 39 with an
incomplete initial contact pattern. Thus, an increase of the
contact pattern could be expected within the simulation.
The wear energy density was set to eR*= 2 � 1013 J/m3. Con-
tact patterns for four stages of the simulation are indicated
in Fig. 5a–d with the area on the worm wheel flank affected
by wear. The colourmap of the wear distribution after the
first calculation step (see Fig. 5a) in particular illustrates
the local differences of wear on the wheel flank, due to
varying tribological conditions and flank pressure in tooth
contact. Points of the wheel flank with the highest accu-
mulated wear heights are located in the initial position of
the contact pattern, since they are exposed to wear from
the very first step. With the number of calculation steps,
the accumulated wear on the wheel increases and the con-
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Fig. 5 Accumulated wear height δv on the worm wheel for the indicated calculation stages of the wear simulation for a worm gear during running-
in phase (a= 32mm, i= 39, n1= 150min–1, T2= 32Nm). a After first step, b After 300 steps, c After 600 steps, d After 1200 steps

Fig. 6 Calculated wear height,
Hertz’ian pressure and total
frictional energy per tooth and
load cycle progression dur-
ing running-in of a worm gear
(a= 32mm, i=39, T2= 32Nm,
n1= 150min–1). The percent-
age proportion of the respective
contact area related to the maxi-
mum contact area is additionally
indicated

tact pattern expands. After 1200 stages (Fig. 5d) the contact
pattern is almost completely developed.

Results for the maximum wear height mean flank pres-
sure and total frictional energy (per wheel tooth and load
cycle) progression with respect to load cycles are shown in
Fig. 6. Furthermore, the percentage proportion of the re-
spective contact area related to the maximum contact area
is specified. The results indicate a typical behaviour for
worm gears during running-in. The highest wear rate can be
found at the beginning of the wear process. With an increas-
ing wear height, the wear rate reduces and transitions into
a linear progression, which is characteristic for the steady

wear phase. Complementary to the wear height progression,
the initially high flank pressure decreases as a result of an
expanding contact area and approaches asymptotically to
a constant mean pressure level at the transition to the steady
wear phase. Regarding the theoretical considerations of an
energetic equilibrium in Sect. 4, the same progression as for
the mean flank pressure can be found for the total frictional
energy.
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6.2 Comparison to experimental results

The wear simulation model was compared to experimental
results of wear tests located in the running-in phase of worm
gears. The test gears with a centre distance a= 32mm and
a gear ratio i= 39 had the same material and lubricant as
those in the experiments of which the wear model parameter
eR* was evaluated (see Sect. 3.3). This gives a good com-
parability in terms of results for the wear energy density,
since the wear model is also adapted to wear measurements
of the running-in wear tests with an individual wear energy
density.

The initial contact pattern of the test gears was relatively
small, as the wheels were manufactured with an oversized
hob. The manufacturing parameters were set specifically for
the generation of the wheel geometry in the simulation to
achieve comparable initial contact patterns for experiment
and simulation.

The wear tests were performed under constant operating
conditions. The wear progress was monitored by regular
measurement of the circumferential backlash for numerous
mesh positions within one revolution of the worm wheel.
The method described in [17] was applied to measure highly
resolved backlash curves under low load contact conditions
and to evaluate the backlash increase for identical mesh
positions. According to [17], the backlash increase caused
by wear varies within one pitch period, because of varying
wear along the contact path and load sharing. The method
includes moreover a concept of the transformation of the
backlash increase to a wear height. In the wear tests, mea-
sured wear heights of all teeth were averaged to obtain rep-
resentative values. For consistency reasons, the wear height
was determined with the same method in the wear simula-

Fig. 7 Comparison between
simulative results with dif-
ferent model parameters eR*

and wear measurement for
a worm gear during run-
ning-in (a= 32mm, i=39,
n1= 150min–1, T2= 32Nm).
The grey markers represent
a computed wear progression
with a gradually increasing
model parameter

tion. In the simulation, the backlash increase was calculated
within the tooth contact analysis (see Sect. 4.1).

The simulation of the running-in phase was conducted
for different wear energy densities to find a good approx-
imation of the wear model to the measured data points.
Results for the wear height of the simulation model are
compared to measured data of the experiments in Fig. 7.
The data points of the experiments are supplemented by
an interpolating curve. The curve refers to a fitted mathe-
matical function, that was used in [18] to model the wear
characteristics of chain drives.

The diagram shows three wear height progressions with
different model parameters. In the first section of the exper-
imental curve, the wear model with the lower wear energy
density eR*= 1.5�1013J/m3 provides a very good approxima-
tion. However, at some point the deviation to the experi-
mental data increases significantly as a difference in wear
rate. Assuming that the frictional energy is comparable in
experiment and simulation, the lower wear rate in the exper-
iment leads to the conclusion, that the wear energy density
increases during the wear process. A reason could be the
simultaneously decreasing mean flank pressure. Even if no
clear dependence on pressure emerged from the analysis
in Chapter Sect. 3.3, other related studies in [8, 9] show
an increasing wear energy density in case of a decreasing
pressure load, which is in good accordance with the obser-
vations from the comparison in Fig. 7.

When the simulation is carried out with the higher wear
energy density eR*= 5.8 � 1013J/m3, the deviation to the ex-
perimental progression is high in terms of the absolute wear
height. However, the wear rate at the end is approximately
the same. As a consequence, a wear simulation was con-
ducted with including a progressive characteristic of the
wear energy density. The change of the model parameter
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Fig. 8 Wear rate map with
equivalence lines over mean
solid frictional shear stress τf,m
and mean sliding distance sg,m

was realised with a sectional adaption (four different sec-
tions and model parameters) of the modelised wear pro-
gression to the experimental data. The result for the wear
simulation with progressive model parameter is shown in
Fig. 7 with grey markers and approximates the entire ex-
perimental wear progression very well. The highest wear
energy density of the simulation with a progressive model
parameter belongs to a phase close to the steady wear phase.
Therefore, this value should be comparable to the results in
Sect. 3.3. The mean sliding velocity of the simulated worm
gear is vg,m= 0.15m/s. If the diagram from Fig. 2 is con-
sidered, the lowest determined wear energy density in this
velocity range is equal to 8.6 � 1013 J/m3 and thereby com-
parable with the value obtained by adapting the wear model
to the running-in wear test results.

6.3 Simulative study to abrasive wear in worm
gears

The purpose of the simulative study was the investigation
of abrasive wear for a wide range of worm gear geometries
(centre distance a= 17–250mm) and operating conditions
with the presented physically-based simulation model. The
study was prepared using methods of design of experiment.
The focus was on the steady-phase, which is why all anal-
ysed worm gear geometries had an ideal contact pattern.
Correlations between the calculated wear in this phase and
wear-determining parameters were analysed.

As a representative value of the wear progress, a mean
wear height was calculated by distributing the accumulated
wear volume evenly over the contact area on the worm
wheel. The wear rate was obtained by linear regression of
the wear progression. From the results of the simulative
study, a relationship was determined between the wear rate
with respect to the number of load cycles and mean values
of the two wear-determining measures solid frictional shear

stress and sliding distance. This correlation is illustrated by
the wear map in Fig. 8, which is drawn by interpolating
the scattered data points of the simulative study to a reg-
ular grid. The wear map indicates equivalence lines for
the wear rate with a hyperbolical shape. The hyperbolical
shape reflects the proportionality of volumetric wear and
solid frictional energy in the energetic wear model (Eq. 2).
If Eq. 2 is evaluated locally and divided by the local contact
area in a contact point, this proportionality is also given for
wear height and the product of solid frictional shear stress
and sliding distance. As a conclusion from the simulative
results and the wear map, equal wear occurs when the prod-
uct of the mean solid frictional shear stress τf,m and the mean
sliding distance sg,m is equal. This presumes that the wear
energy density is also equal.

For all test points of the study a mean wear energy den-
sity eR*= 2.48 � 1015J/m3 from the results in Sect. 3.3 was
set, to obtain a wear map for a specific model parameter.
However, the used model parameter does not fit to all points
of the wear map, since e.g. the size of the gears affects the
sliding velocity and, according to Fig. 2, also the model
parameter. As wear rate and wear energy density correlate
linearly, the wear map can be simply converted to different
wear energy densities.

If the mean solid frictional shear stress, mean sliding dis-
tance and the wear energy density were known for a worm
gearbox, the wear rate could be determined using the wear
map. The wear map represents a central element of the
practical calculation method for wear in worm gearboxes,
developed in the research project related to this work.

7 Conclusion and outlook

A wear simulation tool for worm gears was presented,
which combines a tribological simulation for tooth friction
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with the energetic wear model of Fleischer. The iterative
wear modelling procedure allows a transient analysis of
local friction and wear by considering the change of the
wheel flank geometry. The wear model correlates frictional
energy of solid body contacts with volumetric wear removal
on the worm wheel using the model parameter wear energy
density.

A simulative study was conducted on wear in worm gears
operating in the steady-state wear phase. Based on the ob-
tained results, a wear map was presented showing a pro-
portional relationship between mean solid frictional shear
stress, mean sliding distance and wear rate in good agree-
ment with the energetic wear model. The wear map allows
a simplified calculation of wear in worm gears based on the
energetic wear model.

The wear model parameter was determined by combin-
ing experimental results of wear tests on worm gearboxes
during the steady-state wear phase with calculated results
from the tribological simulation. A wide scatter in wear
energy density was observed and partially attributed to the
differences in sliding velocity. The range of the model pa-
rameter is additionally increased by simulative results dur-
ing the running-in phase, showing a significant influence of
the tooth contact situation on the model parameter.

For a reliable calculation of wear, using either the practi-
cal method or the complex simulation tool, the wear energy
should be reliably determinable without additional worm
gear tests. Therefore, an accurate description of the wear
energy density is necessary. This requires a thorough anal-
ysis of influencing parameters, followed by additional worm
gear tests, where these parameters are systematically varied.
Consulting studies on wear energy density from literature,
this includes the mean flank pressure beside the sliding ve-
locity.

For maximum consistency in the determination of the
wear energy density, the experimental data should include
both volumetric wear and friction work. However, explicit
measurement of tooth friction work in worm gearboxes is
difficult due to various sources of power loss. An alterna-
tive method is given by twin-disc tribometers, where run-
ning conditions as contact pressure and sliding velocity can
be precisely adjusted. Tribometer tests also allow direct
determination of the friction work in the model contact.
A comparison of results from worm gear and tribometer
tests can indicate, whether the wear energy density of worm
gears could also be determined with tribometer tests, which
would significantly reduce the testing effort.

An accurate description is particularly important in the
simulation of wear during the running-in phase, where
changing tribological conditions also effect the wear en-
ergy density. This can be concluded from the validation of
the simulation model, where a progressive model parameter
leads to the best approximation of the experimental wear

progression during running-in. When the wear progression
of the validation test reaches a steady-state wear phase,
the wear energy density is in the same order of magni-
tude as the results from the analysis of the experimental
data directly from the steady wear phase. In conclusion,
with regard to the global values wear energy density and
wear height progression, the wear model gives valid re-
sults. A validation of the local wear calculation with local
wear measurement on a worm wheel flank will also be an
objective for future work.
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