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Abstract: The modification of tribological properties of highly loaded components by selecting
a suitable manufacturing process is state-of-the-art. Beyond the generation of microgeometrical
structures, the present study investigates the potential of chemical alterations, i.e., metalworking fluid
additives engaged in a grinding process to improve the chemical surface properties of machined gear
synchronizations. These gearbox components ensure a uniform switching operation by harmonizing
the number of revolutions between the power transmitting components by friction. A short running-in
phase and a friction coefficient which is constant over the entire duration of use are required.
The results show that the addition of polysulfide as well as zincdialkyldithiophosphate in the
metalworking fluid could considerably reduce the friction coefficient fluctuations and the running-in
phase of the generated synchronizations in later operation tests. The wear distances were lower
although the machined parts revealed higher surface roughnesses as the reference workpieces, which
indicates the formation of sorption or reaction layers of the additives with the metal surface.
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1. Introduction

Metalworking processes such as milling, turning, grinding or lapping are usually conducted to
meet defined shape, size and surface tolerances of the workpiece. The selection of metalworking fluids,
tools and process parameters is set with respect to a productive and stable process. With regard to
increasing requirements on components and in particular to their surface layer properties, the potential
of metalworking processes to influence the components surface layer in a desired way became the
subject of industrial developments [1]. Especially the improvement of characteristics such as residual
stresses, hardness and tribological properties is of interest. Tribological experiments with unidirectional
ground steel samples indicated that the friction coefficient as well as the resulting wear volume depend
on the orientation of the grinding marks [2]. The influence of the surface topography resulting from
different metalworking processes on the running-in phase and the wear rate of tribological systems
was investigated by Geoke et al. The authors described that the wear rate and the duration of the
running-in phase of friction pairings were influenced stronger by the surface structure resulting from
the manufacturing process than by the surface finish [3]. Karpuschewski et al. showed that friction
and wear of cylinder running surfaces in combustion engines can be reduced by adapted honing
processes [4]. By adjusting the dressing conditions in a grinding process, the running-in phase of gear
synchronizations could be modified. The lower the overlapping rate in dressing Ud was set, the higher

J. Manuf. Mater. Process. 2017, 1, 4; doi:10.3390/jmmp1010004 www.mdpi.com/journal/jmmp

http://www.mdpi.com/journal/jmmp
http://www.mdpi.com
https://orcid.org/0000-0002-5487-813X
https://orcid.org/0000-0001-6223-0651
http://dx.doi.org/10.3390/jmmp1010004
http://www.mdpi.com/journal/jmmp


J. Manuf. Mater. Process. 2017, 1, 4 2 of 11

was the resulting surface roughness of the machined synchronous cones, which led to more constant
friction coefficients and shorter running-in phases of the synchronizations in later operation tests [5].

Chemical interactions between the metalworking fluid and the workpiece surface can influence
the chemical composition of the new surface layer and, therefore, besides the workpiece topography,
influence the tribological properties of the machined sample as well. Walter could detect sulfurous
sorption and reaction layers on the workpiece surface occurring from sulfur additives in the
metalworking fluid [6]. Steel samples, which were ground with various metalworking fluid
compositions, showed different friction behavior and wear rates in tribological pin-on-disk tests [7].

To meet the technical requirements, not all tribological stressed components need a friction
coefficient, which is as low as possible. In the case of certain friction parings like gearbox
synchronizations, a stable friction coefficient level is required during the entire working life in order
to guarantee fluent switching operations. The manual gearbox is one of the most established models
in the European vehicle market. Gear synchronizations ensure a uniform switching operation by
harmonizing the number of revolutions between the power-transmitting components initially by
friction and subsequently by form lock. Synchronizations usually are designed as cone friction clutches.
They consist of a clutch body (synchronizer cone) which is connected to a gear, a synchronizer ring
with inserted notches for oil removal, a synchronizer hub which is connected with the main shaft and a
sliding sleeve, guided by the synchronizer hub via an internal gearing. After the switching process, the
synchronizer hub and the gear have identical number of revolutions [8]. During the synchronization,
the different speed between the shaft and the gear is reduced by friction between the synchronizer
ring and the synchronizer cone. For shifting to a higher gear, the motor-sided gear elements must be
decelerated and accelerated to change to a lower gear. A high and constant friction coefficient between
the involved tribological partners is essential for a reliable function [9].

The running-in phase is of high importance for the function and life time of synchronizations.
Particularly in the running-in phase, the coefficient of friction may fluctuate, which can have a negative
influence on the operating behavior, as well as on the service life duration of the synchronization [10].
Therefore, short running-in phases with low friction value fluctuations are required. Typically the
running-in phase begins with high wear rates, which compensates macroscopic shape and position
deviations. With each gear shift, the contact conditions change slightly, whereby the two friction
partners have to adapt to each other again [11].

The presented work investigates how the tribological behavior of gear synchronizations can be
influenced positively by adjusting the metalworking fluid composition in the machining process. Of
central interest is a reduction of friction coefficient fluctuations and the duration of the running-in phase.
Therefore, in the external cylindrical plunge grinding process, which is engaged for the final machining
step in the process chain of synchronizer cones, the composition of the applied metalworking fluid
is varied in several defined steps. The subsequent evaluation is conducted on a synchronization test
facility. It executes defined gear shifts and monitors relevant parameters, especially the coefficient of
friction and the wear between synchronizer cone and ring in axial direction.

2. Experimental Set-Up

The machining of the synchronizer cones was performed on an external ground grinding machine
(Bahmüller type B44-2 CNC) with a Siemens control type 840D. A conventional vitrified grinding
wheel 89A120K11V3 (Ø400 mm) from Tyrolit was chosen as the tool. The process forces in tangential
and normal directions were monitored with a piezoelectric dynamometer from Kistler (type 9167). The
parameters for the external cylindrical plunge grinding process (fine grinding) are summarized in
Table 1.
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Table 1. Parameters external cylindrical plunge grinding process (fine grinding).

Parameter Value

External Cylindrical Plunge Grinding

Grinding wheel circumferential speed vc 35 m/s
Workpiece circumferential speed vw 17.5 m/min

Depth of cut ae 0.03 mm
Feed per revolution f 0.001 mm/U

Specific material removal rate Q’w 0.29 mm2/s

Dressing with Single-Point Dresser

Overlapping rate in dressing Ud 8
Depth of dressing cut aed 0.02 µm

Polyalphaolefine (PAO) from one production batch was applied as base oil for the non-water
miscible metalworking fluid. PAO is a synthetic hydrocarbon which reveals, compared to e.g., mineral
oil, a high defined chemical structure. The investigated additives are polysulfide (PS) and
zincdialkyldithiophosphate (ZnDTP). Five different metalworking fluid compositions, summarized in
Table 2, were applied in the experiments.

Table 2. Metalworking fluid (MWF) compositions of polyalphaolefine (PAO), polysulfide (PS) and
zincdialkyldithiophosphate (ZnDTP).

No. 1 2 3 4 5

PAO (%) 100 95 90 95 90
PS (%) - 5 10 - -

ZnDTP (%) - - - 5 10

In industrial practice, PS is a common so-called “extreme-pressure” (EP) additive in metalworking
fluids. A PS molecule is constituted of three to five sulfur atoms between two hydrocarbon chains.
Under pressure it forms protective layers on the tribologically loaded surfaces, thereby reducing
friction and wear. As more sulfur is bound in the molecule, the higher is its activity and, respectively,
the probability of chemisorption with oxidic groups of the metal surface [12].

ZnDTP is an established additive for lubricants in tribological systems such as gear boxes. The
complex molecule contains phosphor, zinc and sulfur atoms. According to its wear reducing properties,
it is often classified as “anti-wear” (AW) additive. A further positive characteristic is the inhibition
of oxidation processes of metal surfaces as well as oil components. The wear protection of ZnDTP is
explained with the formation of so-called phosphate glass layers on metal surfaces. The formation can
be induced by thermal load as well as by thermo-mechanical load as it occurs in tribological systems.
The generation by thermo-mechanical load enables the formation of harder layers by implementing
iron ions. However, the exact mechanisms of the layer generation are unknown. The structure
of phosphate glass layers with implemented iron ions is schematically illustrated in Figure 1. It is
inhomogeneous and several components such as zinc and iron ions show concentration gradients.
A complete phosphate glass layer can avoid direct contact of the friction partners [13,14].

The supply in the process was performed by a flat jet nozzle and a flow rate of QMWF = 25 L/min.
The workpieces (Figure 2) are cones made of the material 1.7139/16MnCrS5 with a maximum diameter
of d = 66 mm and a width of b = 12 mm. Prior to the grinding the surface layer was hardened. After
the grinding process, the workpiece surface revealed a hardness of 58 ± 2 HRC. To identify outliers,
each grinding experiment was performed three times.
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Figure 1. Schematically illustration of a phosphor glass layer generated by tribological load according
to [13].
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Figure 2. Workpiece synchronizer cone of 1.7139/16MnCrS5.

The experimental investigations of the friction behavior of the machined synchronizations were
conducted at a synchronization test facility. The basic principle of the device is a friction surface
attached to the test shaft, which accelerates to a predetermined speed and is decelerated subsequently
with the investigated counter friction surface [10]. The input variables of the shift tests are summarized
in Table 3.

Table 3. Parameters shift tests.

Parameter Value

Steel synchronizer cone 1.7139/16MnCrs5
Brass synchronizer ring 2.0550/CW713R

Circumferential speed before gear shift vrel 3.3 m/s
Number of revolutions before gear shift n 1000 min−1

Axial force Fax 500 N
Total shifts 7000

Cycle time ts 3 s
Transmission oil 100% PAO

Transmission oil temperature Tl 80 ◦C

During the experiments, the number of revolutions n as well as the axial force Fax and the torsion
moment Mt were monitored. The friction coefficient µ, the central parameter of the tests, is derived
from the torque. At each shift, the friction coefficient has been recorded when 50% of the speed
adjustment were accomplished. Additionally, the position of the shift fork is measured after each gear
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shift in order to determine the wear between the two friction partners in axial direction. The error bars
in the charts indicate the min/max-deviation within the three retries from the mean value. To evaluate
the surface characteristics of the synchronizer ring, a surface profiler (type MarSurf XR20) was used.
The surface roughness Rz was measured before and after the shift tests to evaluate the effect of the
shifts experiments on the surface topography.

3. Results and Discussion

In the following section, the results of the shift tests are presented and discussed. The influence of
the applied additives PS and ZnDTP is described separately.

3.1. Variation of the Polysulfide (PS) Concentration

The surface roughness Rz of the circumferential surface of the synchronizer cones before and after
the shift tests are depicted in Figure 3.
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Figure 3. Surface roughness Rz of the synchronizer cones machined with varied proportions of PS in
the metalworking fluid before and after the shift tests.

The data indicate a correlation between the concentration of PS in the applied metalworking fluid
and the resulting roughness of the machined surface. The higher the ratio of PS was, the higher was
the surface roughness Rz. Especially, the rise from 0% to 5% PS led to an increase of surface roughness
of approximately 30% from Rz = 1.9 µm to 2.5 µm. This increase can be correlated to different process
forces in the grinding process. Due to the lubricating ability of the PS, the increase of the additive from
0% to 5% leads to a rise of the grinding normal force from Fn = 10.4 N to 32.0 N. As a consequence of
the higher normal forces, the grinding wheel topography generated deeper traces in the workpiece
surface. However, the influence of the following shift test on the surface topography is relatively low.
The deviations of the Rz value before and after the shift tests remain within the statistical variations.

The development of the friction coefficient µ in the shift tests is shown in Figure 4. For each of the
three investigated PS concentrations of 0%, 5% and 10%, the chart shows the progress of one sample.
The developments of the friction coefficient among the three retries for each additive concentration
are very similar. For a higher comparability, only one representative graph is presented for each
metalworking fluid composition.
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Figure 4. Influence of polysulfide (PS) in the metalworking fluid on the friction coefficient µ of the
synchronization in the shift tests.

The development of the friction coefficient revealed distinct differences depending on the ratio of
PS in the applied metalworking fluid. The synchronization machined with 100% PAO (0% PS) showed
immediately after the beginning of the experiment a rapid increase of the friction coefficient, which
ended after around 140 shifts. In the following, the friction coefficient descended continuously for
the rest of the shift test. Thereby, especially within the first 4000 shifts, the friction coefficient was
highly fluctuating.

The addition of 5% PS to the applied metalworking fluid changed the tribological behavior of
the synchronization in later operation. The friction coefficient increased slower in the beginning and
remained subsequently on a relatively constant level. The running-in phase was completed after
approximately 1000 shifts and the fluctuations were significantly lower. With 10% PS concentration,
the friction coefficient increased even slower and took more shifts to reach a stable level.

Regarding the performance of the synchronization in operation, the concentration of 5% PS in the
metalworking fluid seemed to be the optimum. The lower PS concentration led to higher fluctuations
of the friction coefficient. In contrast, 10% PS in the metalworking fluid enlarged the running-in phase.

The wear behavior is a further property of tribological systems. For the measurement of the
wear, the position of the shift fork has been recorded at each shift. The wear in axial direction s is
the distance that the tribological partners approached to each other in the course of the experiment.
Figure 5 shows how the PS in the metalworking fluid influenced the formation of wear between the
tribological partners.

The cones ground with PS containing metalworking fluid revealed significantly less wear than
the cones machined without PS. The cones machined with 5% and 10% PS in the metalworking
fluid showed no significant differences in wear distances. The wear distance can be correlated to the
friction coefficient development. The high friction coefficient fluctuations of the 0% PS sample indicate
that the tribological partners took more time to adapt to each other and build a tribological system
with a constant friction coefficient. The consequence was a higher wear distance in axial direction.
A comparison of the wear data with the surface roughness Rz enables the further conclusions that
the amount of wear does not correlate positively with the surface roughness Rz. The samples with
higher roughness showed lower wear in the shift test. This observation is different to previous
experiments Seidel et al. described in [5], where the highest wear distance was caused by the highest
surface roughness. Thereby, chemical influences were excluded by applying a constant metalworking
fluid composition.
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Figure 5. Wear distance s in axial direction in the shift tests of the synchronizations machined with
varied proportions of PS in the metalworking fluid.

From the evaluation of friction and wear of the tribological systems, it can be concluded that the PS
in the metalworking fluid influenced the tribological behavior of the synchronization. The formation
of sorption and reaction layers of PS on the metal surface as they were described by Walter et al. [6]
could therefore be a possible explanation. These layers could support the formation of a boundary
layer with a constant friction behavior and reduce the wear distance. Although the cones revealed
a surface with higher roughness, they caused less wear in the shift tests. Pressure, temperature and
contact time in the grinding process obviously have been sufficient, to enable the generation of PS
layers on the metal surfaces which are stable enough to influence the tribological properties of the
synchronization in later operation.

That the cone surfaces are hardly influenced during the 7000 shifts leads to the further conclusion
that the wear happened completely on the synchronizer rings. These differences are reasonable due to
the distinct hardness differences of 58 HRC (synchronizer cones) compared to approximately 10 HRC
(200 HV1) (synchronizer rings). In tribological systems, the harder friction partners reveal less wear as
the softer friction partners. This relation between the hardness and the wear resistance in materials
has been described in various works [15,16]. Ehtemam-Haghighi et al. showed that the wear of the
investigated material is related to its ability to resist elastic strain to failure, which is described by the
ratio H/E (hardness H to elastic modulus E). A higher H/E ratio indicated a higher wear resistance of
the material [16].

3.2. Variation of the Zincdialkyldithiophosphate (ZnDTP) Concentration

The surface roughness Rz of the cones machined with varied proportions of ZnDTP in the
metalworking fluid are shown in Figure 6. Comparing to the experiments with PS, the ZnDTP
led to an increase of the surface roughness resulting from the grinding process. Between the
ZnDTP-concentration of 0% and 5%, the Rz-values increased from approximately Rz = 1.9 µm to
3.0 µm. The variation of ZnDTP from 5% and 10% led to no significant differences of surface roughness.

In contrast to the test series with PS, the increasing roughness can only be explained partly with
the grinding forces in the machining process. Between 0% and 5% concentration of ZnDTP, the grinding
normal force increased from approximately Fn = 10.4 N to 18.1 N. With further increasing ZnDTP
concentration to 10%, the normal force is decreasing back to Fn = 12.9 N, while the resulting surface
roughness of the cones remained constant. The influences of the ZnDTP on the grinding process and
the resulting surface layer properties seem to be complex. It has to be considered that ZnDTP is an
additive for gear oils rather than for metalworking fluids. During the shift tests, the surface roughness
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was slightly decreasing for all metalworking fluid compositions. However, the differences remain
within the statistical variations.
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Figure 6. Surface roughness Rz of the synchronizer cones machined with various proportions of ZnDTP
in the metalworking fluid before and after the shift tests.

The development of the friction coefficient µ in the course of the first 7000 shifts is illustrated in
Figure 7. For each metalworking fluid, the data of one representative sample are shown. As can be
seen, the influence of the ZnDTP on the friction coefficient depends on the additive concentration.
Thereby, the strongest effect reveals the metalworking fluid with 5% ZnDTP.
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Figure 7. Influence of zincdialkyldithiophosphate (ZnDTP) in the metalworking fluid on the friction
coefficient µ of the synchronization in the shift tests.

The synchronization machined with 100% PAO (0% ZnDTP) showed straight after the beginning
a rapid increase which ended after approximately 140 shifts. For the rest of the shift test the friction
coefficient decreased continuously. Especially within the first 4000 shifts, the friction coefficient showed
high fluctuations. The addition of 5% ZnDTP to the metalworking fluid reduced the fluctuations of the
friction coefficient significantly. After approximately 1300 shifts, the running-in phase was completed.
In the following, the friction coefficient showed a homogenous development although it was slightly
decreasing over time.
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However, the addition of another 5% ZnDTP to the applied metalworking fluid (total of 10%
ZnDTP) changed the friction coefficient of the synchronization considerably. It fluctuated even more
than the friction coefficient of the synchronization machined with 0% ZnDTP. A running-in phase is
not observable, at least not within the investigated first 7000 shifts. Regarding the friction coefficient,
the concentration of 5% ZnDTP in the metalworking fluid is an optimum.

The wear in axial direction of the synchronizations during the shift tests correlates to the friction
coefficient progress (comp. Figure 8). The metalworking fluid composition with 0% as well as 10%
ZnDTP led to a very unsteady friction coefficient and caused subsequently a higher wear distance, too.
The synchronizations machined with 5% ZnDTP revealed a smooth and constant friction behavior and
led consequently to less wear.
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Figure 8. Wear distance in axial direction in the shift tests of the synchronizations machined with
varied proportions of ZnDTP in the metalworking fluid.

The wear distance and the surface roughness data showed no positive correlation. Although the
surface roughness Rz remained constant between 5% and 10% ZnDTP in the metalworking fluid, the
wear distance increased in the shift tests about 33%.

It can be gathered that there is a significant influence of the investigated ZnDTP on the tribological
behavior of the generated synchronizations. The formation of phosphor glass layers in the grinding
process with 5% ZnDTP in the metalworking fluid presumably enabled a short running-in phase
with a subsequently homogeneous progress of the friction coefficient. Accordingly, the wear in the
synchronization during the shift tests was reduced by application of 5% ZnDTP. However, the further
increase of the ZnDTP concentration in the metalworking fluid led to high fluctuations of the friction
coefficient again and high wear distances in later operation. This indicates an unsuccessful generation
of a tribologically effective phosphate glass layer. A possible explanation, therefore, could be the
significantly lower grinding forces in the machining with 10% ZnDTP. Due to the lower grinding forces,
less energy was dissipated to heat what limited the formation of phosphate glass layers. Consequently,
the high wear distance could not be avoided by these layers.

4. Conclusions

The presented results showed that metalworking fluid additives are able to influence the
tribological properties of machined surfaces. For the grinding process of gear synchronizations,
the concentration of the additives polysulfide (PS) and zincdialkyldithiophosphate (ZnDTP) has been
varied between 0%, 5% and 10%. Subsequently, the tribological properties in operation were tested
over 7000 shifts on a special synchronization test facility. The development of the friction coefficient
and the wear distance were the central parameters for characterization.



J. Manuf. Mater. Process. 2017, 1, 4 10 of 11

The results showed that both additives influenced the tribological properties of the machined
synchronizations. The addition of the PS caused a considerable reduction of friction coefficient
fluctuations. Especially the concentration of 5% PS led to a shorter running-in phase. Furthermore,
the synchronizations that were machined with PS containing metalworking fluid showed lower
wear distances in the shift tests, although these cones revealed a higher surface roughness which
remained stable during the 7000 conducted shifts. This indicates the presence of chemical adsorption
or reaction layers of PS on the machined surface which influenced the tribological properties of the
synchronizations. The variation of the ZnDTP concentration in the applied metalworking fluid led to
a modification of the tribological behavior of the synchronizations, too. The addition of 5% ZnDTP
reduced the running-in period, the friction coefficient fluctuations and the wear distance significantly.
However, the further increase of the ZnDTP concentration to 10% led to higher friction coefficient
fluctuations and higher wear again.

It can be concluded that the tribological properties of friction pairings can be modified by
adjusting the metalworking fluid composition in the engaged metalworking process. In the case
of gear synchronizations, a reduction of the friction coefficient fluctuations as well as the running-in
period could be realized.

More precise conclusions could be possible by the direct measurement of chemical layers on
the workpiece surfaces by appropriate high-resolution analysis methods. Thus, the investigated
tribological behavior could be directly correlated to chemical modifications of the boundary layer.
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