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Abstract

The paper deals with the mass optimization of gear pairs. The proposed material science based selection strategy uses an extended

version of Ashby model, where the minimum value of mass as function of material parameters and density can be calculated.

Comparative analyses have proved that applying the method proposed, various gear materials can be classified and ranked. It could

be concluded that case or induction hardened steels and titanium alloys with appropriate surface treatment are the best solutions

for high quality gear materials. The presented relationships for material parameters and geometry of gears help empirical or heuristic

selection of proper materials.
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1 Introduction

Material selection is a key issue in optimal design process.
Several design strategies are known from literature [1-5],
but the most valuable systematic materials science based
method can be regarded to Ashby and his team. A good
summary of original theory and practice can be found in
[6] but lot of papers extended the possible applications as
well [7-11]. The main advantage of Ashby theorem against
general selection strategies is that it considers mass opti-
mization, which is very important factor in vehicle design.

The practical use of selection method requires both the
appropriate dimensioning equations [12, 13] and gear spe-
cific material parameters [14, 15]. Commonly used mate-
rials of gears are steels, their properties and heat treatment
is well known from the industrial practice [15]. Special
attention is needed for other concurrent metals like tita-
nium and magnesium alloys or polymer composite gear
materials [16-21].

Regarding the Ashby selection strategy [6], it has four
main steps: (a) selection of workpiece type, (b) definition
of an appropriately selected objective function, (c¢) formu-
lation of constraints, (d) development of a proper searching
algorithm (sorting procedure). When choosing the appro-
priate material for a given component, at first the objective
function should be defined, followed by the introduction
of constraints and free variables. The material properties
can be characterized by different numerical indices, like

strength-to-density or elastic modulus-to-density ratio.
Ranking based on the use of material indices is a com-
monly accepted guideline for quick selection of materials.

2 Gear specific material properties

Two specific parameters are used for dimensioning gear
pairs, first is the pitting bearing capacity (o,.;,, MPa)
which characterizes the resistance of material against
repeated Hertz-stresses. The second parameter is tooth
root strength (o,.;;.,, MPa) — it is in correlation with fatigue
strength. These material properties can be found in the
appropriate tables for commonly used gear materials. For
example Fig. 1 shows the dependence of pitting bearing
capacity and tooth root strength as function of tooth sur-
face hardness for steels and cast irons. Lower hardness
values are belonging to cast irons and normalized steels
while higher hardness region shows points of case or
induction hardened steels. These charts might be useful
if one wish to estimate the gear specific parameters of a
steel or cast iron.

Different material groups — steels, polymers, light met-
als — can be compared by specific indices, where the prop-
erties are divided by density. Table 1 and Fig. 2 show two
"composite indices", pitting bearing capacity/density and
tooth root strength/density ratio. It can be seen that case
and induction hardened steels plus titanium alloys have
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Fig. 1 Correlation between hardness and gear specific parameters
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Fig. 2 Comparison of indices

the best pitting bearing capacity index while regarding
tooth root strength index, titanium alloys and CFR PEEK
composite are the best. The most balanced indices belong
to titanium alloys but excellent sliding properties (low
friction coefficient) can be reached only with appropriate
surface coating [16].

3 Dimensioning gear pairs

The basic equations for dimensioning gear pairs are rep-
resented by Eq. (1) and Eq. (2). Equation (1) refers to the
center distance of gears (a,,,,, mm) and Eq. (2) defines their
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Table 1 Properties and specific indices of some gear materials

g, g,

[MPa] [MPa] [Méms] olp olp
Cast iron 300 60 7.8 385 7.69
Normalized steels 400 150 7.8 51.3 19.2
Hardened steels 650 500 7.8 83.3 64.1
E;:;ei‘;i L‘;S:l‘:io“ 1500 500 78 192 641
Titanium alloys 580 510 4.7 123 108
Polyamide 40 1.1 36.4
S:r;{pzlsff 80 260 1.9 42.1 137

* transmission ratio (i)

* rotational speed (n, 1/min)

» constants (C,, C,, K,)

Material parameters:

* pitting bearing capacity (o,;,,,,» Mpa)
* tooth root strength (o, Mpa)

Fig. 3 illustrates the effect of material parameters on
the size of center distance (Fig. 3(a)) and diametral pitch
(Fig. 3(b)). It should be noted that on Fig. 3(a) center dis-
tance ratio is displayed, by definition it is actual center dis-
tance related to a,.,= 100 mm. These figures offer a quick
estimation how the material parameters effect dimensions,
mass and volume.

Further analysis can be carried out on the volume and
mass using Eq. (3) which shows the volume of gear pair for
an optional u transmission ratio:

2 2
V=(—“ j *n*b+(—”") *7 %D, 3)
1+u I+u
Using Eq. (3) a volume ratio index can be derived as the

quotient of volume V and V| belonging to u = 1 transmis-
sion ratio:
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Fig. 3 Correlation among material parameters and gear dimensions
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Fig. 4(a) shows the volume ratio index as function of
transmission ratio; it is clear that as the transmission ratio
increases from 1 to 5, volume of gear pair will be greater
with ~50%. Fig. 4(b) illustrates the change in relative vol-
ume to center distance ratio (reference ¢=100 mm).

The newly developed indices which can be seen in
Table 1 and Figs. 1 to 4 help the engineer in empirical and
heuristic design as they indicate the direction of changes

and give a certain ranking of materials, but they do not
offer a real scientific approach to material selection process.

4 Development of Ashby-model for gear pairs

Well known example is presented for beam in [6], where
objective is to minimize mass. In this paper a new model
will be developed for gears, which is not known from lit-
erature. Namely for example in [1] contact stress (pitting
bearing capacity) is associated with Brinell hardness and
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endurance limit of tooth with ultimate tensile strength, but
materials are ranked based on these properties without opti-
mization of mass. Similarly in [5] publication only mate-
rial parameters are composed with weighting factors - not
considering torque, power and geometric parameters. The
new model only uses the logic of the Ashby model but min-
imum mass criteria are fitted to gear parameters. The corner
stones of material selection for gear pairs are the followings:
» Workpiece: gear pair (transfer torque and power)
* Objective function: mass minimization
» Constrains: power and other parameters (u, n)
» Free variables: dimensions and material parameters
 center distance of gears + pitting bearing capacity
+ diametral pitch + tooth root strength

Considering Eq. (1) and Eq. (2) two criteria can be
derived for minimum mass (M) using the volume of gear
pair and density of material. At first Eq. (1) and Eq. (3) are
combined to set up minimal mass for pitting bearing capac-

ity (Eq. (5)) after that similarly Eq. (2) and Eq. (3) give
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Fig. 4 Correlation among geometric parameters of gears
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Fig. 5 Selection charts for gear materials

tooth root strength criteria (Eq. (6)). In each cases center
distance of gears («,,;,) was eliminated from the equations.

2
3 4
MHmin :V*pzca(fj *(1+u)3 bﬂ-* 6/3 (5)
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Both equations show three main groups of parameters
[6] separated by multiplication sign (*). The first set shows
the functional requirements, second group represents the
geometrical parameters and third one contains the mate-
rial characteristic. From Eq. (5) it follows that mass is min-
imal if o-,‘;/3 / p is maximal, moreover, from the Eq. (6) for
tooth root strength it can be concluded that the lightest gear
is made of the material with the greatest value of o2 /p.
Graphic illustration of material properties as function of
density can be seen on Fig. 5(a) and 5(b). It should be noted
that in the original material selection charts the different
material groups (clusters) are represented by areas, but in
this case the points of gear materials are displayed and
only density selects different gear material groups from
each other. Strait lines indicate the equivalent materials,
the slope of lines can be derived from the power of ¢,, and
0, (4/3 and 2 respectively).

Fig. 5(a) shows that from viewpoint of pitting bearing
capacity titanium and hardened steels are the best choice,
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