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Helical gear teeth are affected by cratering wear — particularly in the regions of low oil film thicknesses, 
high flank pressures and high sliding speeds. The greatest wear occurs on the pinion — in the area of 
negative specific sliding. Here the tooth tip radius of the driven gear makes contact with the flank of the 
driving gear with maximum sliding speed and pressure. In order to understand this phenomenon more 
precisely, a wear simulation model is presented. Based on an accurate meshing simulation — used 
to determine the correct path-of-contact by considering tip relief and wear — pressure distribution, 
sliding speeds and oil film thicknesses across contact lines are calculated. Thus local wear on the 
teeth of pinion and wheel is calculated via consideration of their roughness. A verification of the model 
is presented by a comparison of the simulation results with experimental results. Furthermore, a crack 
criterion to determine critical surface areas regarding micropitting and pitting is presented.

This paper was originally presented at the 2014 International Gear Conference, Lyon Villeurbanne, France. It is republished here with the authors’ permission.

Introduction
Gears can fail due to various damage patterns. Especially in 
view of the tooth flank fatigue damage such as micropitting or 
pitting, it is important to be able to recognize and predict the 
fatigue time. Micropitting starts with fine cracks and small out-
breaks on the surface of the flank. It can progressively develop 
to a cratering wear. Thus, the load capacity of the tooth flank is 
reduced, additional dynamic loads are arisen and the gear box 
gets a higher noise level. For a better description of the micro-
pitting area and the wear rate it is necessary to specify the local 
complex tribological system of the tooth flank.

Experimental results which are presented in Figure 1 have 
shown that different profile modifications have influence on the 
micropitting and the wear rate. The commercial calculations 
accordance to ISO/TR 15144-1 (Ref. 1) does not exactly show 
the influence of the profile modifications. An optimal modifi-
cation based on a cubical tip relief with an additional big tooth 
tip radius causes a smaller micropitting area and wear rate as a 
modification without a tooth tip radius (Fig. 1). Therefore, the 
pressure peaks in the first contact area small-
er and the risk of the fatigue damage are also 
smaller.

The meshing engagement of a pair of teeth 
of a spur gear begins with a first contact of the 
newly engaging teeth in a contact of the tooth 
tip radius of the driven gear on the flank of 
the driving tooth. Meanwhile another pair of 
teeth is already engaged. In this regard, as the 
new pair of teeth gets more and more load, 
the amount of load of the already meshing 
pair of teeth decreases. In order to take this process accurately 
into consideration, a precise computation of the path of contact 
is required. Therewith, the areas of first and last contact start-
ing and leaving the contact at a contact force of zero are consid-

ered within a load computation. In case a tip relief and a radius 
among the flank and head diameter being applied on the teeth, 
the path of contact differs significantly from the theoretical path 
of contact of an involute gear without any modifications and 
sharp edges. The correct path of contact for an improved com-
putation of the load distribution results from a meshing simula-
tion of the actual tooth flanks by taking tooth corrections and 
wear into consideration. Herewith, it is possible to determine 
the influence of tip reliefs and tooth tip radii on the load and 
pressure distribution across the tooth flank, especially in the 
area of first and last contact, more precise than today.

Based on the local flank pressures, sliding speeds and oil film 
thicknesses, cratering wear occurs on the teeth of spur gears. 
Thereby cratering wear occurs especially on the pinion in the 
area beneath the pitch point where the tooth tip radius of the 
driven gear gets into contact at a maximum of sliding speed. By 
taking all the physically relevant parameters into account such a 
wear mechanism can be computed so that the increase of wear 
on the tooth flanks can be simulated.

Meshing Simulation: Actual Path of Contact
Based on the manufacturing process it is possible to obtain the 
equations describing the theoretical involute spline of a pin-
ion and a gear wheel within the coordinate system in Figure 2. 

Figure 1  Tooth flanks with micropitting: a) linear tip relief of ca = 170 µm without an 
additional tooth tip radius; b) linear tip relief of ca = 170 µm with an additional 
tooth tip radius.
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With a meshing simulation the contact points of the pinion and 
the gear wheel can be found and a line of action can be calcu-
lated. The meshing engagement of a pair of teeth of a pinion and 
a gear wheel begins with a first deflection of the newly-engaging 
teeth in a contact of the head-edge of the driven tooth on the 
flank of the driving tooth, while another pair of teeth is already 
engaged. In that extend as the new pair of teeth gets more and 
more load, the load on the already meshing tooth pair decreases 
until it is fully released and tops out.

To calculate this process correctly within a load distribu-
tion computation, it requires a precise extension of the line of 
action up to these areas of first getting in contact at a contact 
force of zero and leaving the contact at a contact force of again 
zero. If the teeth have a tip relief and a radius between flank and 
head-diameter this line of action differs significantly from the 
theoretical line of action of an involute gear. The correct line 
of action for an improved load distribution calculation results 
from a meshing simulation of the actual tooth flanks from the 
foot-radius beyond the tip radius.

Then it is possible to calculate the influence of different tip 
reliefs and tip radii on the load distribution on the teeth as well 
as the pressure distribution.

Therewith, an accurate detection of the point of the first and 
last contact of gear pairs with profile modifications and crater-
ing wear is possible.

Load Distribution: Local Pressure Distribution
Once the path of contact is derived within a meshing simula-
tion, the load distribution across the contact lines can be com-
puted for a certain number of engagement positions by using 
contact influence figures (Ref. 5). If the tooth profile has profile 
corrections or wear, the contact normal forces are not rectified 
and parallel anymore. This has got to be taken into consider-
ation while formulating the load conservation equation. For a 
certain amount m of teeth in contact, discretized with a speci-
fied number of contact-points n, the discrete load conservation 
equation arises to Equation 1:

(1)
Tges = Σm

i=1 Σn
k=1 rw,i,k F'n,i,k

By knowing the parameterized tooth profile, the effective 
radius rw arises to Equation 2:

(2)

rw,i,k(ry,i,k) = ry,i,k cos(arctan(− dxevo,kor(ry,i,k) )+ arctan(− xevo,kor(ry,i,k))dyevo,kor(ry,i,k) yevo,kor(ry,i,k)

Because of the fact, that the contact area as well as the load 
distribution across the contact line and therewith the local 
Hertzian deformation is unknown, the contact problem has to 
be solved within an iterative process.

Resulting from the parameterized profile, the local radius of 
curvature arises to Equation 3, taking profile corrections and 
wear into consideration. Based on the local radius of curvature:

(3)

ρ½ (ry,i,k) = [x'evo,kor(ry,i,k)2 + y'evo,kor(ry,i,k)2]
3⁄2

x'evo,kor(ry,i,k) y''evo,kor(ry,i,k) − x''evo,kor(ry,i,k) y'evo,kor(ry,i,k)

the load distribution resulting from Equation 1 across the 
path of contact and material constants, the local Hertz contact 
pressure results from Equation 4:

(4)

pH,i,k = √
Fi,k 1 1
Δl ρi,k

π (1 − υ1
2
+1 − υ2

2)E1 E2 (5)

ρi,k =
ρ1,i,k ρ2,i,k

ρ1,i,k + ρ2,i,k

Wear-Simulation
Wear on tooth flanks occurs as a result of high sliding speeds, 
high contact pressure and low oil film thicknesses. Assuming 
unlimited oil supply and neglecting thermal influences, the local 
oil film thickness can be computed using Equation 6 with regard 
to Dowson (Ref. 6), where G is a material coefficient; U a veloci-
ty coefficient; W a load coefficient; and ρ the replacement radius 
of curvature obtained by Equation 5:

(6)

hmin = 2,65 G0,54 U0,7
ρ

W0,13

On the basis of accurate local contact pressures, sliding 
speeds, specific sliding, local oil film thickness and material 
hardness, an empirical equation for wear on tooth flanks — such 
as Equation 7 — can be formulated in accordance with Archard 
and Holm (Refs. 6, 7, 18):

(7)

dW = ks ∙ kw ( pH )α

 ( | vg | )β

dN 2000MPa 2 m/s

Figure 2  Random position in meshing simulation.

55June 2015 | GEAR TECHNOLOGY



(1 − ( 0,5μm )κ vg )χ
 ( Σ Ra )γ

 ( 700HV )δ [ μm]Σ Ra
vΣ hmin HVi 106

Herewith the factor kS considers the chemi-
cal characteristics of the lubricant and the fac-
tor kW includes the material properties of the 
gears. Solving the differential Equation 7 for 
a specific amount of load cycles dN leads to a 
certain amount of wear that is transferred onto 
the tooth profile. Carrying out a new meshing 
simulation with the newly worn out teeth leads 
to a changing path of contact in terms of the 
path of contact of unworn teeth and therewith 
to an altering load distribution throughout the 
wear simulation. Thus it is possible to simulate 
the micropitting test with reference to FVA 54 
(Ref. 9). The factor kS depends on oil type and 
chemical additive. For each type of lubricant 
this factor must be governed by an experimen-
tal test; it therefore may be used the FZG gear 
test rig, according to DIN 51354-1.

Comparison to Test Results: 
Discussion
Subject of the investigation is the influence 
of the magnitude of tip reliefs on the profile 
deviation during the micropitting step test in 
terms of the FVA 54 (Ref. 9) test procedure at 
an average roughness of Ra = 0.5 µm.

Therefore, load steps five to ten are simulat-
ed and the computed profile deviation is com-
pared to the profile deviation obtained with 
the test bench (Ref. 3); gear data used within 
the experimental tests and the simulation is 
listed in Table 1.

Taking load into consideration, the effec-
tive contact ratio can be computed by solving 
Equation 1 for a certain number of engage-
ment positions. Figure 3 shows the true con-
tact ratio εaw for the investigated tip reliefs for 
the load steps LS5 to LS10 without wear. A 
higher amount of tip relief results in a lower 
effective contact ratio within all six load steps. 

Figure 3  Contact ratio — different profile relief — without wear.

Figure 4  Contact ratio at different profile reliefs — including wear.

Figure 5  Contact pressure, min. oil film thickness, profile deviation for tip relief ca = 50 µm: 
a) before LS5; b) after LS10; c) comparison to test results (Ref. 3).

Table 1  Gear set data
pinion wheel

Normal module mn [mm] 22
Nuber of teeth z [-] 16 24

Profile shift factor x [-] 0,1817 0,1715
Helix angle β [°] 0

Pressure angle αn [°] 20
Operating pressure 

angle αwt [°] 22,4

Center distance a [mm] 447,334
Face width  b [mm] 105 100

Profile contact ratio εa [-] 1,31
Average roughness Ra μm 0,5 0,5

Speed n [1/min] 450 300
Tip diameter da [mm] 402,69 570,62

Root diameter df [mm] 304,96 480,55
Oil viskosity ν40  [mm2/s] 220

Oil type [-] mineral oil with A99
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With increasing load, the effective contact 
ratio increases.

Within the simulation process, wear is com-
puted for a specific amount of load cycles dN 
using Equation 7 and transferred onto the 
tooth profile. This leads to an altering circum-
ferential backlash throughout time. In Figure 
4 the effective contact ratio εaw is shown after 
2.1·106 load cycles for each load step.

For a tip relief of ca = 50 µm, the effective 
contact ratio increases with the load step 
till load step LS9. Within load step LS10 the 
growth of wear due to contact pressure and 
sliding speeds in the area of first contact causes 
a decrease in the effective contact ratio. For 
a tip relief of ca = 100 µm and ca = 170 µm the 
effective contact ratio increases with load, but 
basically the effective contact ratio is less com-
pared to the simulation without wear.

Figure 5 a) left shows the simulated profile 
deviation of the pinion before start of load 
step LS5 with a tip relief of ca = 50 µm. On the 
right, the course of the contact pressure and oil 
film thickness vs. path-of-contact coordinate 
is depicted. In the area of first and last contact 
the contact pressure declines to zero. At the 
engagement points B and D the linear tip relief 
converges into the involute spline — which 
results into a small local radius of curvature 
and therefore an increase in the local pressure 
and a decrease in the local oil film thickness.

Figure 5 b) left shows the simulated pro-
file deviation of the pinion after finishing 
LS10 with 12.6·106 load cycles. In the area of 
first contact with the highest amount of slid-
ing speeds, the oil film thickness collapses 
because of aggravating contact conditions due 
to the occurring wear. Within this area cra-
tering wear occurs on the pinion. A compari-
son of the simulated wear with the test results 
in Figure 5 c) shows a very good correlation 
between the simulation and the experimental 
results.

Figure 6 a) left shows the simulated profile 
deviation of the pinion before start of load step 
LS5 with a tip relief of ca = 100 µm. Comparing 
Figure 6 a) right to Figure 5 a) right, it can be 
stated that the effective contact ratio decreases 
with an increase in the amount of tip relief. 
The small radius of curvature at the engage-
ment points B and D, where the linear tip 
relief converges into the involute spline, causes 
peaks within the course of the local contact 
pressure, and a collapse in the local oil film 
thickness.

Figure 6 b) left shows the simulated profile 
deviation of the pinion after finishing load step 
LS10. Due to the higher amount of tip relief 

Figure 6  Contact pressure, min. oil film thickness, profile deviation for tip relief ca = 100 µm: 
a) before LS5; b) after LS10; c) comparison to test results (Ref. 3).

Figure 7  Contact pressure, min. oil film thickness, profile deviation for tip relief ca = 170 µm: 
a) before LS5; b) after LS10; c) comparison to test results (Ref. 3).
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the magnitude of wear in the area of first contact is less com-
pared to Figure 5 b) left, but cratering wear still occurs.

A comparison of the simulated wear with the test results in 
Figure 6 c) shows a very good correlation between the simula-
tion and the experimental results.

Figure 7 a) left shows the simulated profile deviation of the 
pinion before start of LS5 with a tip relief of ca = 170 µm.

Again, the small radius of curvature at the engagement points 
B and D causes peaks within the course of the local contact pres-
sure and a collapse in the local oil film thickness.

Due to the applied tip relief of ca = 170 µm, the point of first 
contact occurs subsequently and the effective contact ratio 
declines in comparison to variants with less tip relief. After fin-
ishing load step LS10, the maximum local contact pressure and 
the minimum oil film thickness occur at the engagement point 

B. Therefore the location of maximum wear shifts from the 
point of first contact to the engagement point B.

A comparison of the simulated wear with the test results in 
Figure 7 c) shows a very good correlation between the simula-
tion and the experimental results.

With an optimal profile modification pressure peaks could be 
avoided. An optimal profile modification consists of a smooth 
transition without sharp edges between involute profile and pro-
file modifications and an additional tooth tip radius for smooth 
first contact. Figure 8 shows an optimal profile modification.

Crack Criterion
Micropitting or grey staining is a fatigue failure on tooth flanks, 
which is mainly influenced by local contact pressures, sliding 
speeds and lubrication conditions. It starts with micro-cracks on 
the surface of the flanks. Herewith, micropitting acts like a pro-
file deviation on flanks in the area of negative specific sliding. 
Within this area, the tooth tip radius of the driven gear gets into 
contact with the dedendum of the driving gear.

Based on the fatigue phenomenon, the fatigue processes in 
the tooth flank contact can be described in detail. Two stages are 
distinguished here: Stage 1, the crack initiation, and Stage 2, the 
crack growth. Cracks occur where specific crack criteria are sat-
isfied. Because of periodic stress in the tooth contact, the cracks 
can grow in their crack tips.

Cracks occur because of the stress superposition from the 
Hertzian contact stresses and near-surface shear stresses. The 

near-surface shear stresses result from the sliding speed on the 
tooth flanks and the friction coefficient between the contact 
bodies. Boundary and hydrodynamic friction are separated 
here.

Containing the local flank pressures, the local rolling and slid-
ing speeds, the local film thicknesses and further parameters 
from the meshing simulation, an empirical criterion for the ini-
tial cracking is presented for the contact of two tooth flanks. It 
is based on the Ruiz-Chen criterion (Ref. 4). It states that if two 
bodies are under dynamic load in contact, the product of the 
sliding path and shear stress is responsible for the first crack; 
this product can be regarded as friction energy. But the tangen-
tial tensile stress in the direction of the slip is also important 
for the crack beginning and for the crack characteristics. This 
is transferred to a gear and for the description of the tribologi-

cal system the factor is upgraded with the 
relative lubricant film thickness. Equation 8 
shows a first approach for such a crack cri-
terion:

(8)

R = 1 ( pH )α

 ( sg )β
e−(γλ) (1 − vg )750 [MPa] [mm] vΣ

The crack criterion implies that in the case 
of two contacting tooth flanks under load, the 
product of an equivalent stress σα

vG, sliding 
path Sβ

g and the relative film thickness λ in the 
area of negative specific sliding, are respon-
sible for the crack initiation. Thus an equiva-
lent stress needs to be defined; for example, 
by means of the stresses of the Hertzian con-
tact and the near-surface tangential stresses. 

The equivalent stress must have a maximum in an angle, which is 
determined by experimental results of micropitting.

The sliding path between two contacting tooth flanks is given 
by Equation 9 from the product of the sliding speed vg and the 
time Δt. The sliding path is limited by the Hertzian contact 
width 2bH. During the time Δt the flank area 2bH is in contact 
with the opposite flank by the rolling speed vt.

(9)

sg = Δt vg =
2bh vgvt,½

The relative lubricant film thickness λ is the ratio of the mini-
mum lubricant film thickness and the surface roughness of the 
tooth flanks. Reference 3 shows that the reduction of the relative 
film thickness, increased by growing roughness, leads to micropit-
ting. Therefore the Ruiz-Chen criterion is extended by this factor.

Figure 8  Optimal profile modification.

Figure 9  Sliding path over the flank area of the driven 
gear mn = 22 mm.
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(10)

λ =
hmin

1
nΣn

i=1 Rai

Micropitting preferentially occurs in the area of negative spe-
cific sliding, where the material is drifted due to the opposite 
direction of rolling and sliding speed. In this flank area the risk 
of cracks is significantly higher. This characteristic is included in 
Equation 8, with the factor (1 − vg

vΣ ).
By means of such an empirical crack criterion, Equation 8, 

which is taking into account the stress conditions, the sliding 
speeds of the surface, and the lubrication condition, the critical 
surface areas regarding micropitting can be detected (Fig. 10). 
The exponents α, β and γ of Equation 8 must be determined 
with experimental results. Furthermore, a critical value Rcrit 
must be defined, which indicates an increased risk of micro-
pitting if the critical value is exceeded. The crack criterion is 
normalized to Rcrit = 1. The criterion was validated by using the 
results of experimental results of Reference 3, (Fig. 10). The 
crack criterion agreed very well with the experimental results.

Summary
The presented algorithm combines a meshing simulation based 
on the tooth profile, taking corrections and wear into consider-
ation, with a load algorithm including shaft and bearing defor-
mation. It therefore follows that an accurate detection of the 
point of first and last contact is possible.

Based on the precise computation of the contact pressure, slid-
ing speeds, and oil film thicknesses, a wear simulation for load 
and rotation spectra is presented. A comparison of the simulation 
with test results demonstrates a good accordance and confirms 
the approach. Therefore, an optimal profile modification with a 
quadratic or cubical tip relief and a tooth tip radius can calculate 
against micropitting or pitting. Furthermore, a crack criterion to 
determine the locations of micropitting is presented. 
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Figure 10  Relative oil film thickness versus the flank 
area of the driven gear mn = 22 mm
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Figure 11  Crack criterion indicating the flank region 
with higher risk of cracking.
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