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Abstract: The results of the experimental research of the power losses and efficiency of single-stage worm gearbox, which is designed for such purpose, are presented in
this paper. Three worm pairs (coupled gears) ZI type with the same geometric characteristics were used in the research, where worms are made of the same material
(hardened and ground steel type 42CrMo4) and worm gears are made of three different types of material (zinc-aluminium alloy ZA12, aluminium alloy A356 and tin bronze
CuSn12). The main part of the research is conducted to investigate the application of new materials for the manufacturing of worm gears (alloys ZA12 and A356) and their
impact on the power losses and efficiency in comparison to tin bronze CuSn12. The values of efficiency are determined for different operating modes of the gearbox, that is,
for different values of input rotational speed and load, where different viscosity lubricants were used. Depending on the operating mode and measured operating
temperatures, the calculation of power losses and coefficient of friction for all experimental worm pairs was performed. Based on the obtained results, it can be concluded
that the best tribological characteristics has worm pair 42CrMo4/ZA12, which is the recommendation for the use of ZA alloy for manufacturing of worm gears as the alternative

for tin bronze and other non-ferrous metals.
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1 INTRODUCTION

Worm gearboxes belong to a group of hyperboloid
gear pairs with non-intersecting shaft axes. Gear pair
consists of a worm and worm gearbox. Worm is the most
common drive element and is made of higher hardness
material (hardened and ground steel for improvement or
cementation), while the worm gear is made of softer
material, most often of different types of bronze, brass,
aluminium alloys, zinc alloys, grey iron, etc. [1-5]. Worm
gearboxes are characterised by a line contact of the tooth
flanks of meshed gears, which is accompanied by a
relatively high sliding friction, which leads to the creation
of a large amount of heat and energy losses. The heat
generated in this way leads to heating of the gear unit as
well as to an increase in the operating temperature of the
oil [6-9]. As the temperature increases, the viscosity of the
oil decreases, which leads to a decrease in the thickness of
the lubricant film between the teeth flanks of meshed gears
and greater power losses.

Power losses in gear transmission vary extensively,
which depends on many influencing factors, the most
important of which are the type of material of meshed
gears, geometry of worm pair, gear velocity, type and
viscosity of lubricating oil, load, shape of the worm,
operating temperature, etc. [10-17]. Based on DIN3996
standard [18], power losses in worm gearbox can be
divided into load-dependant losses (mechanical losses) and
load-independent losses. The greatest power losses occur
due to the fraction in gear tooth mesh and their size can be
significantly affected by the selection of appropriate
materials and geometric quantities that define worm pairs.
The second largest are usually the power losses in bearings,
losses due to the contact between the gear and the oil, while
the lowest value have the power losses in the shaft seals
[19].

In order to reduce power losses and therefore improve
the performances of gear transmissions, the selection of the
appropriate lubricating oil is of great importance.
Accomplished thickness of the oil film has a significant

impact on the occurrence of surface fatigue, the durability
of contact surfaces, and size of the friction and the
efficiency of gear pair.

Mineral-based oils are mainly used for lubrication of
gears, while synthetic oils are used in case of high
operating temperatures and pressures. Synthetic oils
(polyglycol, polyalphaolefin, oil ester, etc.) due to less
change in viscosity at higher temperatures and loads allow
lower values of the coefficient of friction between the gear
teeth compared to mineral oils, which leads to lower power
losses [20-25]. Depending on the oil type, the power losses
in gear transmissions can be lowered up to 30%. In
generally, oils with higher viscosity allow better forming
of oil film between the flanks of meshed gears, which is
suitable for the creation of hydrodynamic lubrication that
implies lower power losses [26, 27].

The research in this paper is based on the investigation
of the impact of the lubricant viscosity and types of
materials of worm pair on power losses and gear efficiency.
The main part of the research is conducted with the aim of
the use of new materials for the manufacturing of worm
gearboxes (zinc-aluminium alloy ZA12 and aluminium
alloy A356) and research of their impact on the efficiency
of the gear compared to standard materials.

The use of new materials aims to reduce gear mass,
lower values of the friction coefficient in the contact zone
of gear teeth, lower scuffing, lower power losses as well as
the higher values of the efficiency level.

2 POWER LOSSES AND EFFICIENCY CALCULATION

As is known, the worm gearbox during operation
consumes energy to overcome various resistances so that
the power at the output shaft P, is lower than input power
P, for the size of the loss Pg, that is:

h=R-Ig (1

Basically, total power losses Pg are composed of
power losses due to friction in gear mesh and worm gear
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Pgz, power losses in bearings Pg;, and power losses in shaft
seals Pgp [28], so that the previous equation can be written
as:

Py =B —(Psz + Py + Fop) 2

Using the mathematical transformation, the Eq. (2) can
be written in the following form:

P2+PGZ:P1_(PGL+PGD) 3)

The efficiency of worm pair depends exclusively on
the friction power losses in the worm mesh and worm gear
Pgz and is determined according to equation:

__ b @
”: By +Fyy
that is, taking into account the Eq. (3) it implies:

P ~(Por + Fop) P _(1_PGL +PGDJ
1
A
! (%)
_ n
1— For + Fop
A

Eq. (5) represents the dependence of the gear pair
efficiency 7. and total efficiency level of gearbox 7.

Power losses in bearings Pg; are the consequence of
friction on the touching surfaces of rolling bodies on the
holder and rings. Friction in bearings is composed of
rolling friction, sliding friction and lubricant friction. There
is very strong and close mutual connection between them,
which complicates the detailed analysis of each component
[29, 30]. Power losses in bearings depend on the load of
the bearings, type and size of bearings, rotational speed and
type and viscosity of the lubricant. Power losses due to
friction in one bearing Pg; can be determined based on
following equation [31]:

Py =1,05-107 - M -n (6)

where:
M - total bearing friction torque, N-mm,
n - shaft rotational speed, min™'.

Total bearing friction torque includes rolling friction
torque M, and sliding friction torque My, friction torque of
seals M, and friction torque of drag losses M.
Equations for their determination are given in the SKF
bearing manufacturer's catalogue [31].

On the other hand, power losses in worm shaft seals
and worm gear Pgp are not load-dependant. The size of
these losses is affected by the speed of rotation of the drive
and driven shaft, the size of the inner diameter of the seal
as well as the pressure exerted between the shaft and the
rings [32]. Total power loss in seals is equal to the sum of
the losses in all seals of driven shaft. Power losses in one

seal Pgpi can be determined based on following equation
[31]:

2
d n
Popy =7.9169-F), -(ﬁ} ) (7)

where:

Fpp - a factor determined by the viscosity of the lubricant,
dy - shaft diameter in place of the seal, mm,

n - shaft rotational speed, min™'.

The highest losses occur due to the friction in the mesh
of worm and worm gear Pgz, which is the consequences of
extensive sliding between meshed flank gears. These
losses can be determined based on known values of
gearbox efficiency 77 and power losses in bearings Pg; and
shaft seals Pgp, based on the following equation:

Fsy =R -(1-1)—(Ps, + Fop) 3

The size of these losses is significantly influenced by
the type of worm pair, load, velocity and viscosity of oils
that affect the size of the friction in the contact zone of gear
teeth. Due to the great number of impact factors that
change in the course of time, the defining of friction
coefficient value in every point of contact during the
meshing of gear teeth flanks is a complex task. The values
of the friction coefficient mainly is determined
experimentally [33-35]. Friction coefficient of worm pair
1 can be determined based on known values of efficiency
1 and worm lead angle y, according to following equation:

t
p = tg(arctg [%j —mj ©)
n,

3 EXPERIMENTAL SETUP
3.1 Test Gearbox and Instrumentation

For the experimental research of efficiency, a single-
stage worm gearbox with center distance of 31 mm was
used, which was especially designed and manufactured for
that purpose. Experimental research are conducted on the
device AT200 shown in Fig. 1 with complete installation.

Figure 1 Device AT200 with complete experimental installation

The main parts of the device are electric motor (1) of
nominal power 200 W; dynamometer at the input (2),
electromagnetic brake (3); dynamometer at the output (4),
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control unit (5) and thermometer for the measurement of
the oil temperature (6). The change of current intensity on
control unit un to 0,3 A can be achieved by maximum
torque of 10 Nm, which can be taken over by
electromagnetic brake.

The connection of worm gearbox (7) with electric
motor shafts and electromagnetic brakes is accomplished
through claw couplings. Body of the gearbox is a welded
construction with openings on the side, which allows easy
assembling and disassembling of worm pair, bearings and
other elements. The worm is drive element and is placed
above worm gear with symmetric position in relation to the
bearings. Two annular single-row bearings with radial
contact type 6000 RZ are installed on the worm shaft, while
the bedding of worm gear shaft was accomplished by two
annular single-row bearings type 6001 Rs.

Three worm pairs type ZI with the same geometric
characteristic are used for testing, Tab. 1. Worms are made
of same material (hardened and ground steel 42CrMo4)
and worm gears are made of tin bronze CuSn12, aluminium
alloy A356 and zinc-aluminium alloy ZA12, which
mechanical and physical properties are shown in the table
2. The main goal of the research is the use of new materials
(A356 and ZA12) for construction of worm gears and
investigation of their impact on the efficiency and power
losses in worm gearbox in comparison to tin bronze
CuSnl2.

Table 1 Basic geometric characteristic of experimental worm pair

Geometric quantities Symbol Unit Value
Worm gears type - - Z1
Number of gear teeth z1/zy - 1/18
Module m mm 2
Gear ratio i - 18
Centre distance a mm 31
Lead angle Vi ° 4,7636
Pressure angle a, ° 20
Profile shift X - 0,5
Diameter of the basic worm circle d, mm 26
Diameter of the‘: basic worm gear & mm 36
circle

Table 2 Mechanical and physical properties of worm gear materials

Properties Material
CuSnl2 ZA12 A356
Densiti / kg/m?® 8880 6030 2670
Tensile strength / N/mm? 260 300 234
Yield strength2 0,2%/ 140 210 165
N/mm
Brinell Hardness 80 94 70-105
Tensile modulus / N/mm? 88300 80000 72400
Poissons ratio 0,34 0,31 0,33
Elongation / % 12 1-2 3,5
Melting area / °C 762-928 | 377-432 | 557-613

3.2 The Lubricant

Lubrication of worm pair is done by dipping. Reduktol
super oils produced by the oil refinery Modrica are used as
lubricants. These are high-quality mineral oils with a high
viscosity index, which are alloyed with EP additives based
on phosphorus and sulphur. The viscosity of the oil is
defined according to the recommendations of the standard
ISO 12925-1, which defines the use of oil for closed gears
whose viscosity ranges 150 - 1500 mm?/'s [36]. In this
regard, oils of viscosity 220 mm?¥s, 460 mm?/s and

680 mm?/s were selected, the basic characteristics of which
are shown in Tab. 2.

Table 3 Characteristics of Reduktol super oil

. . Reduktol super
Quantity Unit 220 260 630
Viscosity at 40 °C mm?/s 220 460 680
Viscosity at 100 °C mm?/s 18,43 28,91 40,8
Viscosity index - 91 90,3 97
Flow point °C —18 —12 -8
Ignition point °C 260 260 300
Thickness at 15 °C kg/m’® 896,1 896,1 905

Viscosity is a very important characteristic of the oil,
which changes with temperature and pressure. For the
different operating temperature values of the oil, 9
kinematic viscosity can be determined based of known
values of oil viscosity under 40 °C and 100 °C according
the following equation [34]:

v =10 -0,7 (10)
where C is constant determined according to the equation:
C-= 10A~log(‘9+273)+11? (1 1)

In the previous equation 4 and B are constants that are
calculated as follows:

A=—-13,129-log loglvyy +0.7) (12)
log(vlo0 + 0,7)

B =log(log(vy +0,7))—2,496- 4 (13)

During the operation of the gearbox, the operating
temperature changes, which leads to a change in the
viscosity of the oil. As the operating temperature increases,
the viscosity of the oil decreases thus reducing the
thickness of the oil film between the meshed flanks of the
gear teeth, which leads to increased friction and greater
power losses.

4 EXPERIMENTAL RESULT AND DISCUSSION

Values of total efficiency are determined for different
operating conditions of the gearbox, that is, for three
different values of the rotational speed (1500 min™!,
2000 min ! and 2500 min') and five levels of load, where
oils of different viscosity, 220 mm?'s, 460 mm?/s and
680 mm?/s, are used. During the testing, the change in
current intensity at control unit in the intervals 0.1 - 0.2 A,
leads to the change of break force in electromagnetic brake
and change in load, that is, output torque 7. On that
occasion, the values of the output torque were in the
interval 1.95 - 5.4 Nm, taking into account all experimental
worm pairs. At the same time, the values of the input torque
T\ were measured, as well as the values of oil temperature
and ambient temperature. The average values of the total
degree of utilization 7 were determined on the basis of the
measured values of input 77 and output torques 7>
according to the equation:
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B T
==t (14)
R T

n

The measurement results of efficiency for worm pair
42CrMo4/CuSnl12 for different operating regimens of
gearboxes and oil of different viscosity are presented in
Fig. 2, Fig. 3 and Fig. 4.
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Figure 2 Value of efficiency for input rotational speed 1500 min-' and oils of
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Figure 3 Values of the efficiency for input rotational speed 2000 min-* and oils
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Figure 4 Values of the efficiency for input rotational speed 2500 min-*and oils of
different viscosity

The analysis of obtained diagrams points out that the
efficiency increases with the increase of load, that is with

greater values of output torque 7>. Furthermore, greater
values of efficiency are obtained using oils of greater
viscosity and at greater rotational speeds (extensive
velocities) at all levels of load. Namely, with the increase
of the viscosity of oil the value of efficiency also increase
by 1 - 2%. On that occasion, taking into account different
operating regimes of the gearboxes and oils of different
viscosity, the values of efficiency were in the interval
17 =048 - 0.61. The maximum value was recorded for oil
of viscosity 680 mm?/s and highest level of load, and
minimal for oil of viscosity 220 mm?/s and lowest level of
gearboxes load. Application of oils with higher viscosity
deteriorates heat dissipation and increases resistance due to
difficult shaking and squeezing of oil from the gap between
the teeth, which is especially noticeable at slightly lower
load levels. In general, oils with higher viscosity allow the
formation of hydrodynamic lubrication, which leads to
better formation of the oil film between the meshed flanks
of the gear teeth and higher values of the efficiency.

Fig. 5, Fig. 6 and Fig. 7 give a comparative
presentation of efficiency of the gearboxes for materials of
worm gear CuSnl2, A356 and ZA12 for the rotational
speed n; =2000 min' and oils of different viscosity, where
the dependence between the degree of utilization and the
output torque 7> is established.
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Figure 5 Values of the efficiency of the oil of viscosity 220 mm?/s, rotational
speed 2000 min-* and different materials of worm gears
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Figure 6 Values of the efficiency of the oil of viscosity 460 mm?/s rotational
speed 2000 min-'and different materials of worm gears
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Figure 7 Values of the efficiency of the oil of viscosity 680 mm?/s, rotational
speed 2000 min-* and different materials of worm gears

From the previous figures, it can be seen that the values
of the efficiency increase with increasing load, taking into
account all experimental worm pairs. In addition, higher
values of the degree of efficiency are noticeable when
lubricating with greater viscosity oil. Comparing the
obtained results, it is concluded that the highest values of
the efficiency were recorded in the worm pair with a worm
gear made of zinc-aluminium alloy (ZA12), which ranged
from 7 = 0.52 - 0.62. In the case of a worm pair with a
worm gear made of tin bronze CuSn12, the values of the
efficiency were lower in average by 3 - 4% compared to
the previous worm pair. The lowest values of the efficiency
were recorded in the worm pair with a worm gear made of
aluminium alloy A356, which moved in the interval
n=0.45-0.56. A slightly larger difference in the values of
the efficiency is noticeable at higher values of the output
torque 7T>.
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Figure 8 Impact of oil viscosity on power losses in rolling bearings (worm pair
42CrMo4/CuSn12)

In order to determine the power losses in bearings, the
values of the radial and axial forces of the bearings were
previously determined for different modes of operation of
the gearbox that is for different load levels and rotational
speeds. Change in operating regime of gearbox implies the
change in operating temperature, which ranged in the
interval $=40 - 63 °C taking into account all experimental
worm pairs and oils of different viscosity. Kinematic
viscosity of oil at operating temperatures is determined

based on the expression 10. After that, power losses in
bearings and shaft seals are determined based on
mathematical calculation of bearing manufacturer SKF
[31].

Results of the calculation of the power losses in
bearings for input rotational speed 71 = 1500 min™! and oils
of different viscosity depending on the output torque 7> are
shown on Fig. 8.

It can be seen from the diagram that the power losses
in the bearings increase with the load increasing and with
oil viscosity increasing. Namely, at greater loads, there is
an increase in axial and radial forces in the bearings, which
leads to greater energy losses. On the other hand, with the
increase of the viscosity of the lubricant, the hydrodynamic
resistances of the lubricant flow increase, which results in
an increase in the power losses in the bearings. The size of
these losses depends on the amount of oil, pressure,
operating temperature as well as the internal geometry of
the bearing.

The power losses in gear mesh is affected by many
factors, out of which the type of material of worm pair has
very important impact. Values of power losses in gear
mesh Pgz are determined according to Eq. (8) based on
experimentally measured values of the efficiency of the
gearbox 7 and calculated values of power losses in
bearings Pg;, and shaft seals Pgp.

On that occasion, the dependence of power losses and
output torque was established, whose average values were
in the interval 7> = 2 - 5.3 Nm, taking into account all
experimental worm pairs. The results of the calculation of
power losses in the gear mesh for the input rotational speed
02000 min~" and oils of different viscosities are shown in
Fig. 9, Fig. 10 and Fig. 11.
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Figure 9 The impact of material on power losses in gear mesh for rotational
speed 2000 min-" and oil viscosity 220 mm?2/s

Based on obtained diagrams, it can be clearly observed
that power losses in gear mesh increase as the load
increases. Namely, at greater loads due to the increase of
operating temperature the lubricant viscosity decrease,
whereby the thickness of oil film decreases between
meshed flanks of gear teeth leading to the increase of
power losses. On the other hand, these losses are reduced
when lubricating with oils of greater viscosity. Such a trend
of changing power losses was observed in all experimental
worm pairs. In this case, also, the worm pair with a worm
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gear made of ZA12 alloy has the best characteristics in
terms of the lowest power losses, while the greatest power

losses occur in the worm pair with a worm gear made of
A356 alloy.
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Figure 10 The impact of material on power losses in gear mesh for rotational
speed 2000 min-'and oil viscosity 460 mm2/s
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Figure 11 The impact of material on power losses in gear mesh for rotational
speed 2000 min-and oil viscosity 680 mmz/s

At lower load levels, the difference in power losses is
smaller, taking into account all materials, while with a
further increase in load, this difference becomes somewhat
larger. It is evident that the worm pair with the worm gear
made of ZA12 alloy has a better ability to maintain the oil
film between the meshed gear teeth, especially at greater
loads (output torques), compared to the other two alloys
that resulted in lower power losses

The change in power losses is closely related to the
change in the coefficient of friction in the contact zone of
the flanks of the meshed gears. In this regard, for
experimental worm pairs, the values of the coefficient of
friction according to Eq. (9) were calculated based on the
results obtained by experimental research.

The results of the calculation of the friction coefficient
for the input rotational speed of 2000 min! and oils of
different viscosities are shown in Fig. 12, Fig. 13 and Fig.
14.
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Figure 12 Impact of material on friction coefficient of worm pair for rotational
speed 2000 min-" and oil viscosity 220 mm?2/s
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Figure 13 Impact of material on friction coefficient of worm pair for rotational
speed 2000 min-" and oil viscosity 460 mm?2/s
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Figure 14 Impact of material on friction coefficient of worm pair for rotational
speed 2000 min-' and oil viscosity 680 mm?2/s

Based on the obtained diagrams it can be concluded
that the values of friction coefficient decrease with the
increase of oil viscosity and increase of load. Such a course
of change is significantly influenced, along with working
conditions, by the operating temperature of the oil, power
losses in the gear mesh and the type of material of worm
pair. The greatest values of friction coefficient occurs in
the worm pair mesh with worm gear made of alloy A356,
which ranged in interval gz = 0.088 - 0.057, taking into
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account all three lubricants. Lower values of friction
coefficient are noticeable at worm pair with worm maid of
tin bronze CuSnl2, which ranged in interval
1 = 0.074 - 0.049, while the best lubricating conditions
were achieved at worm gear made of alloy ZA12 where
lowest friction occurred (1 = 0.067 - 0.044). Lower values
of friction coefficient in the contact zone of gear teeth
imply lower power losses as well as the greater level of
worm pair efficiency and thus in the gearbox as a whole.

5 CONCLUSION

Compared to other types of teeth gearboxes, worm
gearboxes have lower values of the efficiency due to the
extremely high sliding friction between meshed flanks of
gear teeth, which causes significant energy losses. These
losses depend on many impact factors. Lubricant
viscosities input rotational speed, load (output torque) and
type of worm gear material were considered as influential
factors in this paper.

Based on the obtained results, it can be concluded that
the values of the efficiency increase from 1 - 2% with the
increase of lubricant viscosity. The greatest values of the
efficiency are accomplished at highest rotational speed
(extensive gear speed) and load by utilizing oils with
greater viscosity (680 mm?/s). On the other hand, oils with
greater viscosity, due to higher hydraulic resistances of the
lubricant flow, lead to increased power losses in the
bearings. However, these resistances decrease with the
increase of the operating temperature, which leads to
decrease in oil viscosity. In general, oils with greater
viscosity lead to lower power losses in the gear mesh and
lower values of the friction coefficient due to better
formation of the oil film, which resulted in greater values
of the efficiency.

The type of material of meshed gears has a great
influence on power losses and the efficiency. The highest
values of the efficiency were achieved in worm pair with
worm gear made of alloy ZA12, which were up to 4%
higher than worm pair made of tin bronze CuSn12 and up
to 10% compared to alloy A356. It is evident that the worm
pair 42CrMo4/ZA12 has better tribological characteristics
and better ability to maintain the oil film between the
meshed gears compared to the other two worm pairs, which
resulted in lower power losses and friction coefficient
values.

Among other things, ZA alloys are much lighter than
tin bronze, have a lower casting temperature and have
greater hardness. An important aspect that makes these
alloys attractive is the cost reduction of 25 - 50% compared
to tin bronze and from 40 - 75% compared to aluminium.
Therefore, ZA alloys can be very successfully used as an
alternative to tin bronze and other non-ferrous metals out
of which the worm gears are made.
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