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Abstract

Gear contact surface wear is one of the important failure modes in gearsys-
tems. The procedure implemented in this work includes finite element multi pair
contact modeling to predict the load sharing between the simultaneously contact-
ing pairs and mathematical programming method to estimate the gear surface wear
in high contact ratio gear drives for particular number of cycles. A method to find
out the new tooth profile and the worn out volume after some particular number of
wear cycles is also presented. The parametric study based on the pre established
center distance and also for the fixed pitch circle radius are discussed. The vari-
ation of wear depth at various contact point along the path of contact shows the
maximum wear depth at the beginning and end of the contact in gear drive, but the
highest wear occurs at the dedendum flank portion or root portion of tooth surface.
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1 Introduction

Wear and the associated material loss can lead not only to gear tooth failure, but also
it can lead to changes in vibration and noise behavior, produces non uniform gear rate,
alter the dynamic effects and decreases the efficiency. In addition, wear can change the
patterns of gear contact such that the altered load distributions and contact stresses will
accelerate the occurrence of other failure modes such as pitting and scoring. Gear wear
debris can also be detrimental to the performance of bearings or other components of
a drive system.

Many researchers have attempted to predict the gear wear using analytical and
numerical tools. For most of the studies, the well-known Archard’s wear equation in
conjunction with gear contact model and relative sliding calculations was used.

Andersson[1] appeared to be the first one to make the detailedstudy on the gear
tooth mild wear. He derived the expressions to calculate theslip distance of a point
on the pinion flank when it slides against the opposite matingflank during a mesh
action under boundary lubrication or dry running condition. These expressions were
used by Flodin and Andersson [2] to calculate the sliding distance from involute spur
gear profile geometry. They have used single point observation method and simplified
Winkler’s mattress model to predict the wear in the normal contact ratio (NCR) gear
tooth in which the contact ratio(ǫ) is less than two. They have later extended their spur
gear wear prediction methodology to helical gears by slicing the helical gear in the face
direction into narrow spur gear segments staggered according to the helix angle[3].
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Wu and Cheng[4] derived the formula for equivalent wear rateand tooth wear pro-
files along the line of action considering gear dynamics and rough elastohydrodynamic
lubrication (EHL). Results show that most materials are removed from both the adden-
dum and dedendum tooth surfaces and that the highest wear occurs at the beginning
of an engagement. This high wear region corresponds to the root of the driving (pin-
ion) teeth and the tip of the driven (gear) teeth. Brauer and Andersson [5] presented a
mixed FE and analytical method to simulate wear in NCR spur gear tooth. FE model
was used by them to calculate the gear contact load, then Hertzian equation was used
to find the contact pressure and contact width.

Bajpai et al. [6] proposed a wear model for NCR spur and helical gears that
combines a FE based gear contact mechanics model that predicts contact pressures,
a sliding distance computation algorithm and Archard’s wear formulation to predict
wear of the contacting tooth surfaces.

Despite the abundant literature available on the evaluation of the wear in the NCR
gear drives, the calculation of wear in the high contact ratio (HCR) gear drives in
which ǫ > 2 has been rarely studied. This work explores the effect of various gear
parameters on the wear of HCR spur gears. The typical contactpoints along the path
of contact and the evaluation of load sharing between simultaneously engaging pairs
using finite element method are done based on the author’s previous works([7] and [8]).
The sliding wear at the contact point of the two mating surfaces are calculated based
on the assumption that the surfaces are mixed or boundary lubricated, the hardness
values of the material is constant throughout the wear cycleand the stiffness of the
contacting pair at a particular point is not affected as the wear progress.

2 Wear Simulation Model

The sliding wear in local contact can expressed by the Archard’s wear equation and it
is given as[2]

V

s
= K

F

H
(1)

where, V is the volume of the worn out material, s is the sliding distance of a point i
slides against an interacting tooth flank during one mesh, F is the applied normal load,
H is the hardness of the contacting surfaces and K is the dimensionless wear coeffi-
cient.
The above equation is modified by dividing the both sides of the equation by the ap-
parent contact area

h

s
= kwpH (2)

where, h is the wear depth,pH is the contact pressure andkw is the dimensional wear
co efficient and it is equal to K/H
In this work, the single point observation procedure proposed by Andersson and Eriks-
son [9] is used to find the wear depth andkw is assumed as constant through out the
mesh cycle while also thepH is constant at the particular observation point. In this
procedure, the mean contact pressure ((pm)i), the half contact width (ai) and the slid-
ing distances are calculated for the observed contact point(i) in the mesh cycle. The
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accumulated wear depth is calculated using the following equation.

hi,new = hi,old + kw(pm)i2ai

{

[(vp)i − (vg)i]

(vp)i

}

(3)

wherev is the sliding velocity,subscript p and g denotes pinion andgear respectively
The above equation is used to carry out the wear simulation and parametric study on
spur gears. The typical contact points during the mesh cyclefor NCR and HCR gear
drive is given in Figs.1a and 1b.
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Figure 1: Typical contact points along the path of contact.

2.1 Wear depth calculation for NCR and HCR gears

The input speed and power considered in this study are 150 rpmand 5kW respectively.
The wear coefficientkw is taken as5X10−16m2N−1 [2]. The mean contact pressure
is taken as 3/4 of the maximum pressure [10]. Total number of wear cycles consid-
ered in this study is 50000. The gear parameters considered for this study is given in
Table.1. The wear depth calculated for each 1000 cycles for aNCR gear drive is given

Table 1: Gear parameters

Parameters Value Parameters Value
Gear ratio (i) 1 Addendum modification(x) 0
Tooth number (z) 50 Dedendum(hf ) ha+0.25m
Module (m) 1 Cutter tip radius(ρr) 0.3m
Pressure angle(αo) 20o Rim thickness (tR) 5m
Addendum(ha) Material elastic modulus (E) 210 GPa
—NCR Gear pair 1m Poissońs ratio(ν) 0.3
—HCR Gear pair 1.223m

in the Fig.2a. Based on the theoretical study made on the wear, the maximum wear
depth occurs at the beginning and end of contact in NCR gear tooth, but the highest
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wear occurs at the lowest point of tooth contact (LPTC) of pinion tooth surface be-
cause of the maximum sliding distance. These trends agree well with the experimental
evidence of Dhanasekaran and Ganamoorthy[11], Walton and Goodwin[12], etc., as
long as mild abrasive wear is prevalent. Also there is an increase in the wear depth at
highest point of single tooth contact (HPSTC) and lowest point of single tooth contact
(LPSTC) are noted for NCR gear drive because of the sudden increase in the load at
these points. At the pitch point region there is no wear observed due to zero sliding.

The simulated wear depth in HCR gear drive is plotted in Fig. 2b. From this
simulated wear depth, like in NCR gear, a similar trend of higher wear depth at the
tooth root flank surface is observed compared to tooth tip face. But maximum wear
depth occur only at first lowest point of double teeth contact(FLPDTC (B)) for HCR
gear tooth. There is a reduction in wear depth observed on both the sides around the
pitch point, which is due to the triple pair contact and it is zero at the pitch point.
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Figure 2: Wear depth for each 1000 cycles for NCR and HCR gears.
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2.2 Wear volume calculation

The worn out volume or material loss is calculated from the estimated wear depth for
50000 cycles. Each contact point has been moved by a distanceof wear depth along
the line of action. The coordinates of the new pointi′(x′

i,y
′

i) on the worn out profile
are calculated from the tooth layout shown in Fig.3 and it is given as

x′

i = xi− hcos(θ′i) (4)

y′i = yi − hcos(θ′i) (5)

The new profile after 50000 cycles along with the original gear profile is constructed

Figure 3: Tooth layout to calculate the worn out profile

in a CAD package and the area between these two curves has beencalculated. Wear
volume is calculated by multiplying gear face width with thecalculated area.

3 Parametric Study on HCR Gear Drive with Fixed
Center Distance

In this work the center distance(Co) is fixed as 50mm and the effect of addendum (ha),
pressure angle (αo) and their combined effect on wear depth are discussed.

3.1 The effect of addendum

For the different values ofha ranging from 1m to 1.29m, the maximum wear depth and
the amount of material loss are compared and discussed. The maximum wear depth
occurs at the point LPTC (A’) for the gear tooth withǫ ≤ 2 where as for theǫ > 2,
the maximum wear depth occurs at the point FLPDTC (B) (Fig.4a). It is observed that
the wear depth is increasing with respect to an increase in theha up toǫ ≤ 2, then it is
decreasing for the further increase inha due to the reduction in the load shared by the
pair at this point, which causes the reduction in maximum contact pressure. It is also
observed that the wear volume is increasing for an increase in ha(Fig.5a).

3.2 Effect of pressure angle

For different values ofαo from 14.5o to 22.5o, the calculated maximum wear depth
and wear volume are compared. It can be observed from the figure that an increase in
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αo reduces the wear depth. The maximum wear depth occurs at LPTC(A) for a gear
tooth with lowerαo where as, it occurs at FLPDTC (B) for a gear tooth with higherαo

(Fig.4b). A decrease in wear volume is observed asαo increases (Fig.5b)

3.3 Effect of pressure angle and addendum

For a fixed contact ratio 2.1 and different combinationha andαo, the simulated wear
depths and wear volume for a few cases considered in this study are shown in Figs.4c
and 5c. Reduction in wear depth and volume are observed for a simultaneous increase
in ha andαo. The maximum wear depth is noted at FLPDTC (B) for all the cases.

4 Effect of Teeth Number(z)

By keeping the pitch circle as 50mm, the teeth numbers are changed and the wear
depth and volume are determined for the three cases. The decrease in z increases the
wear depth and volume (Figs.4d and 5d).
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Figure 4: Effect of gear parameters on wear for 50000 cycles
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Figure 5: Calculated maximum wear depth and wear volume

5 Conclusions

Based on the theoretical study made on the wear, the maximum wear depth occurs at
the beginning and end of the contact in NCR gear drive, but thehighest wear occurs at
the dedendum flank portion. Also an increase in the wear depthat HPSTC and LPSTC
is noted for NCR gear drive because of the sudden increase in the load at these points.
When HCR gear is achieved by increasing theha, the maximum wear depth is noted
only at FLPDTC and it is also noted the depth of wear is reducedaround the pitch point
region due to the triple pair contact. The wear is more for gear tooth having higherha

due to higher sliding. The maximum depth of wear occurs at LPTC for lowerαo and
it is at LPDTC for higherαo of HCR gear. The HCR gear drive with higherαo and
ha has shown less wear compared to gear tooth with lesserαo andha. The HCR gear
drive with a fixed pitch circle radius, gear with lesser z generates higher wear. An
increase inαo decreases the amount of wear.
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