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Abstract: Achieving roughness parameters on tooth flanks for highly loaded gears and creating
their non-directional surface texture are key to obtaining the required gearbox lifetime, durability,
and performance. Many finishing techniques are well-known and described in technical literature,
including gear teeth final grinding, shaving, honing, and superfinishing to create the proper surface
condition. Unfortunately, there is still a lack of a simple finishing method which can be applied to
highly loaded gears in the manufacturing process in order to optimize cost, time, and waste. This
work presents the effect of a non-chemical, abrasive, highly effective process to remove quite a large
amount of material from gear teeth flanks. The researched technology is called Stream Finishing (SF).
The surface condition was inspected to observe its properties before and after the proper SF process
parameters definition. It is useful for transmissions groups to define the proper manufacturing
process application for obtaining the required gearbox lifetime within optimized parts cost. For each
application the process parameters definition shall be determined individually and tested.
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1. Introduction

Throughout human history, gears have always played an extremely important role
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when it comes to transmitting power or movement at the proper speed. These are very
important constructions, developed over years, which are subject to high requirements
depending on the type of gear and their uses. Gears are used to transmit power from the
engine or motor to the working machine and provide the correct speed necessary for proper
operating conditions. Depending on the type of application, gears can have straight teeth,

single-flanged helical teeth, or double helical teeth, whereby the use of such a solution
reduces axial forces. Gears may be designed as coaxial wheels when it is necessary to
transmit the torque without changing the direction of the speed. However, when it is
necessary, bevel gears with perpendicular axes can be used as well. Depending on the
type of application, gears can be exposed to either low torques, as in the automotive and
food industries, or strong forces found in heavy, marine, and aviation industries. In the
agricultural industry, gears work in specific conditions with a lot of contaminations, dirty
water, and dustiness by sand or soil [1-3].

Depending on their applications, the gears used in aircraft construction have a very
narrow tolerance range and are sensitive to misalignment [4,5]. Unexpected in-flight events
are also considered a risk to proper gear design in aviation. To ensure their required service
life, gears with high rotational speeds require flawless surfaces on their tooth flanks, which
can be achieved using special state-of-the-art superfinishing processes. Lubricated oils work
under pressure and have a much thinner consistency than the oils used in the automotive
Attribution (CC BY) license (https://  industry. In automotive application, oil film breakage is less risky and less likely than
creativecommons.org/ licenses /by / in aircraft transmissions [6,7]. Another type of gearbox is the planetary system, where
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gear is the power receiving part. Planetary gears transmit high power while obtaining
significant gear ratios. The planetary gear is still quite simple in design (a lot of design books
help to create the proper constructions supported by 3D software) but is technologically
complicated enough for high quality product applications (Figure 1). In the aviation
industry, gear design also becomes very complicated due to operating conditions (high
speeds, transmitted power, unexpected events, vibrations, specific lubrication method
and fluid, sliding velocities issues, micropitting, and scuffing in high sliding velocity
areas) and misalignments in operation conditions [8,9]. This leads to proper contact ratio
and backlash determination, understanding of mesh stiffness variation, and influence
of manufacturing errors [10,11]. In addition, gears in aviation work with much higher
bending stress level, which requires the detailed finishing of the gear’s top lands and of the
break edges from the gears’ faces. For scuffing and pitting avoidance, the proper surface
topography achievement—surface lay, waviness along gear teeth involute, roughness—is
required [12].

Figure 1. KISSsoft virtual 3D model of typical planetary gearbox.

2. Materials and Methods

The workpieces in the researched subject were gears of 5 inch pitch diameter, made
from carburizing steel with high case hot hardness, high surface hardness, abrasion re-
sistance and excellent resistance for tempering. The initial surface prior to the Stream
Finishing (SF) process was machined within Ra 0.27 pm average. There were three work-
pieces and each was subjected to a different SF process parameter at the optimum time to
make the manufacturing process optimized when compared to other processes available
on the gear manufacturing market [13]. Finally, one of the three workpieces was defined as
the optimized surface, representative of optimized SF process parameters. Specific future
applications should include the statistical analysis of the parts to observe the material
removal rate variation from the involute (part-to-part variation). However, for workpieces
the involute tooth-to-tooth shape variations are within a small range compared to the
involute tolerance in highly loaded gears in aviation. It means that the SF process is quite
repeatable.

There are many different technological processes for finishing the surfaces of gear
teeth. The first well-known process is the final teeth grinding operation using a contouring
or circumferential method. The grinding wheels can be CBN or ceramic discs. For gear
surfaces subject to high power and speed, a honing process is used to reduce the machining
marks after tooth grinding and to create the required topography of the tooth flanks and
achieve the correct roughness Ra. It has a very beneficial effect on gear performance
and gearbox lifetime when honing is applied. For very heavily loaded gears, honing is
insufficient because it still delivers too high Ra values. Therefore, more precise machining
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is required, which provides about half of the surface roughness that honing does. One
of the methods available on the market is superfinishing. This process generates a good
surface that is suitable for highly loaded gears with isotropic topography. However, it is
sometimes difficult to implement and too complex for specific components, and hard to
achieve the extremely high product quality within specification requirements. On the other
hand, this method provides a very good surface condition which ensures high gearbox
performance [14,15].

One more method is being researching now and it is described in this paper. The
proposed solution will help to finish the parts in specific applications within a very tight
quality requirement. The research description of the new finishing method is presented
in this paper, as well as the gear teeth flank conditions resulting from the process. It is
called Stream Finishing (SF). The main benefit of the proposed solution is optimized Ra. It
is two times better for Ra than grinding, about 50% better than honing, and comparable to
superfinishing. However, it is environmentally friendly because the fluid works in a closed
loop, thus optimizing waste. The workpieces for this process were middle-sized gears.
The gears were installed on the machine spindle in different positions to determine the
proper parameters which help to effectively remove the material from the gear teeth flanks.
The process parameters were modified by proper adjustments after initial tests which
had produced unacceptable results. The research includes and considers all engineering
requirements of the workpiece: required Ra, isotropy of the surface, lack of residual
grinding process lines, surface irregularities (valleys) to accommodate lubrification; and
lack of unacceptable irregularities on the teeth flanks for highly quality specifications,
in order to determine the proper SF process parameters. There are several important
benefits of the SF method. The main advantage of this process is its simplicity. Dedicated
machines can be precisely programmed for a very controlled spindle movement, and it
can be integrated with a production line because it works in a very stable way, without
vibrations. The workpiece is mounted on a spindle that allows a wide variety of clamping
concepts, such as collets, HSK interfaces, or zero-point clamping systems. The spindle starts
rotating and immersing the workpiece in a rotating drum filled with an abrasive medium.
A rigid spindle which performs a rotating motion, a drum filled with a constant level of the
medium and the angular position of the spindle in relation to the drum axis are all very
simple parameters to control, which makes the process stable, repeatable, easily predictable,
and easy to change. In addition, the lack of chemical usage means that there are no problems
with their mixing, handling and logistics. The liquid filling the drum circulates in a closed
circuit. The fluid is a simple mixture of demineralized (demi) water and a compound which
contains surfactants and a corrosion inhibitor. A centrifugal cleaning system separates
the solid waste (metal abrasion and worn media) from the process water. This allows
for reuse and circulation of the water, which makes the whole system environmentally
friendly. Figure 2 presents the SF process equipment, with description of the main parts
and machine modules. Figure 3 presents the centrifugal fluid cleaning machine for the
SF process, an additional part of equipment used for environmental benefit and logistical
improvement [16].
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Figure 2. Stream Finishing process equipment [17].

Figure 3. The centrifugal cleaning system which separates process water from solid waste [17].

The workpiece is in the drum and mounted on the spindle by a simple assembly
system. The spindle can be adjusted by a specific angle to the rotation axis of the drum.
Adjusting the appropriate spindle settings enables a constant flow of the medium through
the workpiece geometry, which is very beneficial for the repeatability of the process. The
main aspect is the fact that to machine the workpiece requires immersing this in the drum
of the machine. The workpiece is in a fixed position in the machine’s coordinate system.
Compared to other applications on the market where the workpiece can move freely in
drum, the SF system thus guarantees the repeatability of the process and the very controlled
movement of the workpiece when mounted on the spindle (as presented in Figures 4 and 5).

Yo AT
LR

o
1%

Media level:
Z=[mm)]

Figure 4. Workpiece location in the drum [17].
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Figure 5. Spur gear as the workpiece mounted on Stream Finishing machine spindle [17].

The abrasive medium used in the SF process is aluminum oxide in the form of small
particles which remove the material from the surface by friction between the medium and
the workpiece. Depending on the gear module, it is possible to use different medium sizes.
The great advantage of this process is the fact that small particles of abrasive medium
can reach into the gear root diameter areas, which is problematic for the most common
industrial gear finishing processes. It ensures an appropriate treatment and visual shape,
which is very beneficial in terms of bending stresses. Furthermore, the tooth edges (at the
tip and the gear faces) tend to provide even, repetitive curves, which is also very beneficial.
(notching effect). The SF process provides proper topography and roughness. Figure 6
presents the medium piece shapes and Figure 7 presents the medium size versus high gear
teeth.

Figure 7. Medium size versus gear teeth module [17].
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One of the possible ways to examine the surface finish condition after the SF method
has been applied in the research is the contact method. The measuring tip is moved
at a constant speed over the surface of the workpiece. Using the contact measurement
method, a sensor of the roughness measuring device touches the surface point by point [18].
The screen of the machine easily detects roughness parameters such as Ra, Rp, Rv, Rz.
In addition, involute waviness and primary profile parameters could be checked and
compared in the research before and after the proper SF process parameters determination.
A stereoscopic microscope was applied to observe any irregularities of the surface, residual
grinding lines, any surface defects generated in the SF process, or any residual irregularities
from the final teeth grinding. By using a specific light angle, it is very easy to observe
the surface to verify the initial isotropy level [19]. A confocal method was also applied to
measure 3D surface parameters, creating a very good visualization of the surface and to
measure the level of isotropy by isotropic chart preparation. The visualization in different
color, scales, and views is helpful in order to observe the waviness pattern [20]. A scanning
electron microscope (SEM) is very useful to understand the media flow which SF obtained.
Non-directional flow is desirable. SEM can also check for any residual media pieces stocked
on the teeth flanks which could generate three-body abrasive wear [21,22]. An atomic force
microscope (AFM) was used to observe oil-lubricated valleys on the measured surface [23].
These devices, which were very useful in the present research, are widely described in
technical literature. Therefore, this paper does not include extensive details about them [24].

3. Results

The durability and reliability of the gear depend on its tribological properties to
resist the gear teeth flanks against pitting and scuffing [25,26]. Additionally, the teeth are
subjected to extremely high bending stresses. Gear tooth flanks of highly loaded gears
require proper gear teeth topography. Ra parameter is important, but also the isotropy
of the surface, the shape of the surface irregularities, the values of the peaks and valleys
of unevenness defined by additional roughness parameters and the shape of the involute
in relation to waviness and primary profile. The presented parameters affect friction
and wear of the two surfaces, impact lubrication, mechanical tightness and transmission
assembly [27]. The optimized Stream Finishing (SF) process for the workpieces requires
the basic selection of the proper medium type, the spindle angle adjustment, the level
of medium in the container, the workpiece distance from the container walls, as well as
the selection of the process method (wet finishing or dry finishing) in order to find the
minimum involute waviness and roughness on the gear tooth flanks. Table 1 presents gear
teeth parameters before and after optimized SF process determination related to ground
surface. The measuring system device was the standard roughness inspection machine
(Mahr) with 5 pm tip radius of a stylus. It measured areas near to sliding velocities in 25%
and 75% face width sections. Non-optimized process parameters (values in red) had given
waviness and primary profile parameters outside the incoming range. This happened when
too-small aggressive media flow was used on the teeth flanks. The amount of the material
from the surface was not removed uniformly and effectively (it just followed the high
peaks of waviness generated in grinding process). This surface condition is not adequate
to avoid gear damage. The optimized process established the values in the proper range
(values in green). The visibility of unidirectional grinding scratches is unfavorable in gears.
The waviness of the involute would influence many factors. One of them is the uneven
load distribution along the involute from a steady, computational state, causing local
concentrations of contact stresses, affecting risks of fatigue, such as pitting, micropitting,
and abrasive wear or local wear, leading to the destruction of the gear. Another example is
the increase of bending stress at tooth fillet radius area by the tooth bending forces applied
to a local peak of the involute irregularities. Another aspect is the undesirable vibrations of
the gearbox due to transmission errors and the risk of breaking the oil film, causing scuffing
and local abrasive wear leading to destruction of the transmission [28].
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Table 1. Surface texture parameters after Stream Finishing vs ground surface. Values are in pm.

Parameter Ground Surface Optimized SF Non-Optimized SF
Ra—arithmetic mean roughness value 0.27 0.09 0.09
Rg—root mean squared roughness value 0.41 0.12 0.11
Rz—maximum height of roughness profile 2.60 0.59 0.60
Rt—total height of roughness profile 6.07 1.08 0.78
Rp—maximum profile peak height 1.66 0.27 0.34
Rv—maximum profile valley depth 1.07 0.37 0.28
Wa—arithmetic mean waviness value 0.35 0.36 0.74
Wqg—root mean squared waviness value 0.41 0.42 0.86
Wi—total height of the waviness profile 1.95 0.95 4.40
Wp—maximum waviness peak height 0.48 0.43 0.91
Wv—maximum waviness valley depth 0.54 0.44 1.02
Pa—arithmetic mean primary profile value 0.41 0.42 0.75
Rg—root mean squared primary profile 0.54 0.49 0.81
Pt—total height of the primary profile 6.63 2.55 4.52
Pv—maximum primary profile valley depth 1.31 0.76 115

Figure 8a presents the gear teeth flank condition before the SF optimization. There
is some visibility of the residual lines from the grinding process, as well as the waviness
pattern. This surface condition creates the anisotropy of the teeth flanks. This topography
is not likely. It was generating the gear teeth wear according to Figure 9. This abrasive
wear phenomena appeared in the high peak of waviness areas. This kind of wear could
progress and finally perform gear teeth damage. The picture of the wear (Figure 9) was
performed on stereoscopic microscope with specific light. Figure 8b presents the teeth flank
condition after SF process parameters optimization. There is a lack of directional waviness
and residual grinding lines. The optimized surface will be tested in near future (the status
on 21 February 2022) to understand the gear’s performance versus non-optimized SF and
the gear teeth wear development.

- teeth involute direction

Axis “y"

Axis “x” - teeth lead direction

Figure 8. Gear tooth flanks visualization before (a) and after (b) abrasive process parameters opti-
mization.
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y — involute direction

"x—teeth lead direction
Figure 9. Non-preferable teeth flanks wear in high waviness peaks.

3D scans (confocal technics) present the initial surface condition after teeth grinding
operation (Figure 10) and the difference between the non-optimized and optimized SF
process in Figures 11 and 12. The condition after grinding is the non-isotropic surface
topography, the peaks and valleys are parallel to each other in the grinding wheel feed
direction (teeth lead) with 1 pm peaks highs. The residual lines after grinding and involute
waviness are visible on the surface before the SF process optimization. The examination
shows that the required isotropy has not been fully achieved, a lot of scratches and waviness
marks along the teeth lead are still visible. The peak highs of the irregularities are still
quite large up to 0.7 um. It could generate wrong contact stress distribution and risk of the
gear teeth wear. The surface texture after the SF process optimization looks completely
different. There is no directional pattern visibility and there is significant visibility of the
surface isotropy. The irregularities were reduced to a satisfactory range (below 0.4 um).
The measured areas for the workpiece used in the confocal measurement method were
rectangles of 1.5 mm X 0.3 mm.

Figure 10. Visibility of the tooth flank after teeth grinding process.
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Figure 12. Visibility of the tooth flank after the abrasive process optimization (Stream Finishing).

Figure 13 presents the specific parameters on the charts which are the isotropy per-
centages. Before the SF process optimization that parameter is only about 8%. This means
that there is lack of isotropic on the gear tooth flanks. After the process optimization this

parameter increased significantly up to 62%.

Figure 13. Isotropy chart before (a) and after (b) Stream Finishing process parameters optimization.
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In addition, very good surface visualization was made on a Talysurf CCI device in 2D.
Before determination of the proper SF parameters, the Talysurf CCI presents linear, parallel
shapes of the gear teeth flank topography (Figure 14a). The marks are residual from gear
teeth grinding process. For the proper SF parameters, the isotropic was created and no
directional topography is visible (Figure 14b). The measured areas are 2.5 mm X 2.5 mm
taken from pitch diameters of the workpieces. The total tooth height of the workpiece was
about 7 mm, so there was opportunity to examine almost 30% of the tooth height on this
device in the involute direction. This is a quite big area of the inspection.
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Figure 14. Isotropic surface visualization before (a) and after (b) Stream Finishing process optimization.

The medium flow direction is also the key process parameter which creates the proper
surface texture. The recommended flow shall be across the directional lines to help in
isotropy surface achievement. Before the SF process optimization, the medium created
parallel marks in Figure 15a, but the proper process parameters determinations changed
the medium flow to the recommended texture in Figure 15b. In addition, the scratches and
irregularities performed by the small particles are much more significant for the optimized
process. It means that the medium flow is more effective at removing the material from the
gear tooth flanks rather than performing the tooth surfaces polishing (like the mirror). The
Figure 15 images were made using a Scanning Electron Microscope (SEM). Axis x presents
100 pm measured distance along the teeth lead direction.

For the unaided eye, the irregularities on the gear teeth flanks done by non-optimized
SF process parameters could also be observed. Some waviness was visible on teeth flanks
when light was used at a proper angle (Figure 16a). The gear teeth flank surface after the
optimized SF process does not have unexpected irregularities and there are no residual
grinding process lines visible (Figure 16b). However, unaided eye inspection is not enough
to properly examine the surface topography within a high-quality specification, so addi-
tional inspection techniques would be needed and defined as engineering requirements.
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Figure 15. SEM picture before (a) and after (b) Stream Finishing process optimization.
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Figure 16. Unaided eye inspection for workpiece before (a) and after (b) Stream Finishing process
optimization.

The hardness of the teeth flanks is very important to meet the required lifetime of the
gearbox. It prevents against teeth wear. To obtain the proper high hardness of the gear teeth
there is a need to use carburization process and hardening. After these operations the next
step is gear teeth final grinding [29,30]. All distortions from the heat treatment process are
removed in the grinding process. Some of the case depth variation around the gear might
be visible when the same allowances are used to machine the part. The SF process also
influences the case depth dimension as well as the hardness. Based on understanding the
material removal rate of the optimized SF process (Figure 17), the microhardness inspection
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was done, along with a case depth inspection, to verify if minimum case depth was still
met. The idea of this examination comes up with a very effective material removal rate
from the gear teeth involute, especially from the tip diameter area (Figure 17). The curve
in blue is the involute shape after the gear teeth grinding process. This shape is changed
when SF is applied. Non-optimized SF parameters keep the involute shape within drawing
tolerance due to the small influence of the medium (yellow line). For the very effective SF
process (optimized parameters) there is more material removed from the gear tooth flanks.
In this case the involute shape is out of the tolerance on tip diameter. This situation requires
the change of the grinding wheel design. Additionally, optimized SF process also prepares
a very good shape of the gear teeth top lands (very smooth and continuous shapes) without
any sharp edges at the tip diameter which would risk micropitting or scuffing (Figure 18).

Involute after grinding

Involute for optimized SF

Pitch diameter

Root diameter

Figure 17. Involute shapes for gears after Stream Finishing process based on typical tolerances from
aviation business.

Figure 18. Perfect shapes of top lands, gear edges and chamfers areas achieved in Stream Finishing
process for workpiece.

Figure 19 presents the sample of the gear which was cut to inspect the carbon distribu-
tion around the teeth. There are 1-9 localizations critical to measuring the hardness and
case depth—including root diameter, root fillet radius, pitch diameter and tip diameter—to
check if the optimized SF process parameters keep the required carbon depth defined on
manufacturing drawing. After the analysis there is still visibility of the carbon at the tip
diameter area, as well as the required hardness.
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Figure 19. Carbon diffusion around the gear teeth for workpiece after the optimized Stream Finishing
process.

The lubrication method of oil delivery to gear mesh is important for achieving the
required lifetime of the gearbox and working without any problems in operation conditions.
The surface conditions should be without any irregularities, but from the lubrication point
of view there is a need to have some valleys to keep the lubricant (oil pockets) [31]. The
color of the teeth flank after the SF process is metallic with reflection. To see if there is
the possibility of accumulating the oil in the surface irregularities, AFM (atomic force
microscope) inspection was done according to Figure 20. It was very hard to observe the
oil pockets by other measurement methods.

80umo

Figure 20. AFM inspection to observe the surface irregularities.

The involute process variation in gear teeth finishing methods is a key factor to
determining the tolerances of the final teeth grinding process. The perfect case would
be when the finishing process variation is small enough to allow grinding wheel design
preparation in a wide enough tolerance range. The SF process is stable within 30% of
involute tolerance for the workpiece chosen from aviation business. Figure 21 presents the
SF process variation versus the involute tolerance zone defined on gear manufacturing
drawing. This chart presents the visualization of the material removal rate variation along
the involute.
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Involute variation for
Stream Finishing process

‘ Actual involute shape

Involute shape after
grinding process

Figure 21. Involute shape variation for the Stream Finishing process.

4. Discussion

The Stream Finishing (SF) process described in this paper could be the additional
method of gear tooth finishing applied to highly loaded gears, alongside shaving, honing,
and superfinishing in a properly optimized gear manufacturing market. The results of the
gear teeth flanks condition are very accurate from N5 (after grinding operation) to N3 after
the SF process (ISO 1302). Furthermore, the isotropic teeth flank condition was obtained,
involute waviness was reduced, and non-directional process media flow was achieved.
The simplicity of the process described in this paper, as well as the easy process parameter
control, are key to applying it to the manufacturing process. The environmentally friendly
application, which reduces waste, is also an important factor. The small size of the media
not only machines the tooth flanks to obtain the correct surface texture but also achieves the
proper shape of the teeth’s sharp edges. The SF process parameters should be determined
individually and tested for each part number, because the wrong adjustments might give
unacceptable results and negatively influence the lifetime of the gearbox.
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