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Abstract: Most manufacturing processes, such as grinding, are usually conducted in a standard air
atmosphere. The oxygen within this atmosphere leads to oxidation effects on tools and workpieces
when machining metal components. This is primarily a factor in the processing of titanium due
to its high affinity for oxygen. The oxidation of the surface increases tool wear and reduces
surface quality. Hence, this paper investigates the influence of the atmosphere on process forces
and workpiece quality when grinding titanium (Ti6Al4V) with metal-bonded diamond grinding
tools. To generate oxygen-free conditions in production processes, a novel approach allows an
atmosphere with a very low oxygen partial pressure. Using a silane gas, which reacts with oxygen,
the oxygen partial pressure, pO2, can be reduced below 10−12 mbar, equal to the oxygen partial
pressure in an extremely high vacuum (XHV). The results show a significant influence of the
atmosphere on the process forces. When grinding in XHV-adequate conditions, the grinding forces
are reduced by 16% in the tangential direction and 50% in the normal direction on average, while
the quality of the ground titanium surfaces is consistent (both atmospheres: Rz = 13–21 µm). Phase
analysis via XRD revealed a distinct amount of titanium nitride (TiN) on the ground surfaces
independently of the atmospheric conditions.

Keywords: surface grinding; oxygen-free atmosphere; titanium; mechanical load; XHV

1. Introduction

Concerning economically efficient manufacturing processes and the quality of ma-
chined components, the demands on production technology are constantly increasing.
For this reason, manufacturing processes must be continuously developed. In precision
machining, the surface quality of components is a critical evaluation parameter. Grinding
is the most frequently used finishing process, which enables particularly high surface
qualities [1–3].

When grinding difficult-to-machine materials, such as titanium (Ti), tool wear limits
economic efficiency by increasing manufacturing costs [4–6]. Oxidation processes, particu-
larly, are expected to play a key role in tool wear when machining titanium due to its high
oxygen affinity. Nevertheless, titanium is of particular industrial importance as it is used
for structural components in many industries (e.g., aerospace) due to its excellent corrosion
resistance, low density, and high strength [7]. The most frequently used alloy in this field is
Ti-6Al-4V, which will be the material investigated in this paper [8,9].

Since titanium has a particularly high affinity for oxygen, the material tends to show
pronounced oxidation behavior, which can already be observed in a typical air atmosphere
and at room temperature. Because of the high process temperatures during grinding, this
effect is amplified and leads to a significant hardening and embrittlement of the component
surface [10]. This, in turn, results in increased tool wear and reduced surface qualities of
the components [4].

In additionally Ti-6Al-4V, base oil as a cutting fluid also has only limited oxidation
stability. Especially due to the increased temperatures in the contact gap between the

Lubricants 2023, 11, 347. https://doi.org/10.3390/lubricants11080347 https://www.mdpi.com/journal/lubricants

https://doi.org/10.3390/lubricants11080347
https://doi.org/10.3390/lubricants11080347
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0003-0075-7719
https://orcid.org/0000-0003-1241-9282
https://doi.org/10.3390/lubricants11080347
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants11080347?type=check_update&version=1


Lubricants 2023, 11, 347 2 of 10

grinding wheel and the workpiece, oil has increased reactivity to atmospheric oxygen. The
oxidative degradation of the oil can lead to a reduction in the tribological properties and
thus to increased friction in the process [11].

An entirely new approach to avoiding these oxidation processes is eliminating the
oxygen content in the machining atmosphere. This is currently being investigated at the
Institute of Production Engineering and Machine Tools within the “Collaborative Research
Center 1368 SP C04”. In the current study, the influence of the grinding atmosphere on
the grinding process and the resulting surface quality will be examined. For this, a surface
grinding process was conducted in air and oxygen-free conditions, and the process forces
were measured. Subsequently, the workpiece quality was investigated using microscope
images, X-ray diffraction, and surface roughness measurements.

2. Materials and Methods
2.1. Oxygen-Free Atmosphere

A standard method to eliminate oxygen from the atmosphere is to remove the molecules
from an enclosed space by creating a technical vacuum. Another approach is to replace
the oxygen with a second gaseous medium or use a gas that causes a chemical reaction
with oxygen. The presented investigations use a combination of these two methods. In the
first step, oxygen will be displaced by the heavier and chemically inert argon (Ar). In the
second step, a low amount of the gas mixture argon/silane (Ar/SiH4) with 1.5 V% silane is
used to reach XHV-adequate oxygen partial pressure. The silane reacts with the oxygen
and water residues using the following chemical reactions [12].

SiH4 + 2O2 → SiO2 + 2H2O (1)

SiH4 + 2H2O→ SiO2 + 4H2 (2)

This reaction chain leads to the formation of hydrogen and silicon dioxide [13]. Us-
ing these reactions generates an atmosphere with a very low oxygen partial pressure,
pO2, of ≤10 20 mbar at ambient air pressure [14]. Concerning the oxygen content, the
resulting atmosphere is equivalent to an extremely high vacuum (XHV), which starts at
10−12 mbar [15]. The advantage of this approach is that it is much less complex than is that
of using a conventional technical vacuum.

2.2. Experimental Setup

The experimental grinding investigations were carried out on a Geibel & Hotz FS840
KT CNC (Geibel & Hotz GmbH, Homberg, Germany) surface-grinding machine. Gastight
housing has been extended to this to enable tests in XHV conditions (Figure 1). The
housing enabled the supply of the gas mixture Ar/SiH4 and cooling lubricant for the actual
grinding process. The grinding tool used was a bronze-bonded diamond grinding wheel
(80/20 copper/tin, D46, C75) machining Ti-6Al-4V (Ti64) in a surface-grinding process.
The grinding wheel was dressed (qd = −0.8, vcd = vc, vfd = 1500 mm/min, aed = 5 µm) and
sharpened (vcs = vc, vfs = 100 mm/min, aes = 100 µm) before every single experiment using
a dresser with a #120-SiC wheel and a white corundum sharpening stone with a grain size
of #180. To evaluate the mechanical load of the process, the grinding forces were measured
with a Kistler 9257B dynamometer (Kistler Instrumente AG, Winterthur, Switzerland).

To create an XHV-adequate atmosphere, gastight housing within the Geibel & Hotz
(FS840 KT CNC) surface-grinding machine was used. The gas mixture of Argon/Silane
was tapped near the contact zone between the grinding tool and the workpiece (Figure 1,
left). To validate the XHV-adequate atmosphere, the oxygen partial pressure was measured
with an oxygen sensor and recorded using Raspberry Pi. (Figure 1, right). A preset filter
at the sensor prevented oil and SiO2 particles from entering the oxygen sensor. How the
XHV-adequate atmosphere was established in detail is shown in chapter 3.1.
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Figure 1. Experimental setup for grinding in an XHV-adequate atmosphere.

2.3. Grinding Process Parameters

The process parameters cutting speed, vc, and feed rate, vf, were varied in a reasonable
process window during grinding, as shown in Table 1. This enabled the determination of
the influence of different atmospheres (air/XHV) on the mechanical load (process forces)
and the workpiece surface quality for other loads. The parameter sets were performed for
air and the XHV-adequate atmosphere, and each set was repeated twice. This resulted in a
total of 30 experiments. The single-grain chip thickness, hcu, was calculated according to
the FRIEMUTH to evaluate different loads using the following formula:

hcu =

(
1

C2 + 1

) 1
C2
∗
(

C2 + 1
C1∗NGV

∗ Q′w
vc∗lg

) 1
C2+1

(3)

with NGV =
6∗C

π ∗ ρG∗dG
3 ; C1 =

4
3
∗
√

dG; C2 = 1.5 (4)

where C1 and C2 are parameters for the grain type used in the grinding wheel, and NGV is
the number of active cutting edges. C, ρG and dG are the grain concentration, density of
the grain and the grain diameter, respectively. Q′w is the material removal rate and lg is the
geometric contact length between the workpiece and the grinding wheel [16].

Table 1. Processed parameter sets for grinding in air and XHV-adequate atmosphere.

Set vc in m/s vf in mm/min hcu in µm

1 12.5 100 0.30
2 12.5 400 0.52
3 18.75 250 0.37
4 25 100 0.23
5 25 400 0.40

2.4. Measurements Methods

The ground specimens were examined using a Keyence VHX-600 (Keyence, Osaka,
Japan) reflected light microscope. Furthermore, the roughness parameters of the ground
surfaces were measured using a Mahr MarSurf LD 130 tactile measuring device (Mahr
GmbH, Göttingen, Germany). The direction of measurement was orthogonal to the direc-
tion of the cut, and each surface was measured five times at different positions to ensure
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statistical reliability. In addition, the surfaces were examined via XRD phase analysis. These
measurements were conducted using a Seifert XRD 3003 TT diffractometer (Richard Seifert
& Co, Ahrensburg, Germany) with a cobalt target to detect any phases that might have
formed on the titanium surface due to chemical reactions during grinding. All measure-
ments were performed with identical measurement settings and in similar conditions. The
measured diffraction patterns were evaluated using PowderCell 2.4 software [17].

3. Results and Discussions

The following section discusses the process conditions regarding the oxygen partial
pressure, pO2, before analyzing the process forces during grinding in both atmospheres
(air/XHV) and the resulting workpiece surface qualities.

3.1. Process Conditions

Before grinding experiments in the XHV-adequate atmosphere could be carried out,
the oxygen had to be removed from the gastight housing. Figure 2 shows an exemplary
measurement of the oxygen partial pressure during the process of oxygen removal.
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In the first step, purging the housing with argon decreased the oxygen partial pressure,
pO2, to about 10 mbar (phase I). The subsequent addition of argon/silane (98.5/1.5 V%)
caused the oxygen partial pressure to drop to approximately 10−14 mbar within 8 min
(phase II + III). The time delay between the introduction of the argon/silane gas mixture
and the first measurable oxygen reaction was 6 min and this can be explained by the fact
that the positions of the gas introduction and the gas measuring point were relatively far
apart (phase II). As soon as an oxygen partial pressure of 10−14 mbar (XHV-adequate)
was reached, the grinding process was carried out. At the end of the process, the gas was
extracted by the vacuum and the door of the housing was opened resulting in the sudden
increase in oxygen partial pressure.

Table 2 shows that the grinding processes were always carried out at slightly different
oxygen partial pressure levels. The oxygen partial pressure was in a range of pO2 ≈ 10−14

to 10−19 mbar since the reaction of oxygen and silane occurs very quickly and the oxygen
partial pressure reduction rate is very high. However, all grinding experiments were
conducted at XHV-adequate oxygen partial pressure (pO2 ≤ 10−12 mbar).
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Table 2. XHV-adequate atmosphere validation through oxygen partial pressure measurements.

Set pO2 in mbar hcu in µm

1 6.0 × 10−13 . . . 8.8 × 10−16 0.30
2 1.5 × 10−14 . . . 4.7 × 10−17 0.52
3 7.5 × 10−16 . . . 2.5 × 10−19 0.37
4 4.5 × 10−14 . . . 5.6 × 10−17 0.23
5 8.4 × 10−15 . . . 1.4 × 10−17 0.40

3.2. Process Forces

To evaluate the mechanical load during grinding in air and under a low oxygen partial
pressure (pO2 < 10−13 mbar), the process forces in the tangential (Ft) and normal direction
(Fn) were measured. In the grinding experiment, the cutting speed, vc, and the feed rate,
vf, were varied, while the depth of cut was constant at ae = 50 µm. These three process
parameters could be combined within the single-grain chip thickness, hcu, which could be
interpreted as a physical quantity of the load on the abrasive grains of the grinding tool
during machining [16]. The single-grain chip thickness could then be correlated with the
grinding forces, as illustrated in Figure 3.
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An increasing linear correlation between grinding force directions and chip thickness
could be observed. With an increasing single-grain chip thickness, the mechanical load
also increased. The main reasons were the decreasing cutting speeds and increasing feed
rates that caused a rise in chip thickness, according to FRIEMUTH [16]. The performed
experiments showed a significant difference in grinding forces between grinding in air and
XHV (Figure 3a,b). The absolute force values during grinding in XHV were 16% (Ft) and
50% (Fn) lower on average.

Consequently, the XHV-adequate atmosphere influenced the grinding process sig-
nificantly, particularly at higher loads. The reduction in the normal force reached a
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maximum at hcu = 0.4 µm. A possible explanation for the reduction in the normal forces,
especially at higher loads and therefore higher temperatures within the contact zone,
could be the thermal and oxidative degradation of the cutting fluid due to the reaction
with oxygen. At elevated temperatures of more than 120 ◦C, the hydrocarbons within the
cutting oil start to degrade in terms of serval products such as aldehydes or ketones [18],
sludge [19], or volatile CO2 [20]. These products have undesirable tribological properties
compared to the original cutting fluid and can therefore aggravate the grinding process.
Especially, the formation of CO2 can result in an insufficient lubricant film within the
contact zone due to the displacement of the film. If the reaction with oxygen does not
occur due the XHV-adequate atmosphere, the oil stability increases at a temperature
below boiling point and results in improved application behavior with friction and
therefore lower normal forces. The grinding force ratio, µ, is described by the quotient of
the tangential and normal force, which represents the ratio of cutting and friction processes.
A higher grinding force ratio means the cutting process is more efficient, while a lower
ratio represents higher friction in the contact zone, resulting in a less efficient grinding
process. Sharper cutting edges lead to a larger grinding force ratio while progressive tool
wear causes a decrease in the grinding force ratio [1]. The ratio is expected to increase with
increasing chip thickness due to the more pronounced cutting of the material. However,
the opposite effect could be observed in the present investigations when grinding in XHV
and in air (Figure 3c). This can be explained via observations of chips that adhered to the
grinding wheel’s surface during grinding. These chips caused the clogging of the chip
space of the wheel and thus increased the normal forces. Grinding in the XHV-adequate
atmosphere shows significantly higher grinding force ratios than that in air. The force ratio
increases by 40% on average due to a higher decrease in the normal forces compared to the
tangential forces.

3.3. Workpiece Surface Quality

Microscope images of the ground workpieces were taken to analyze the workpiece
surface. In Figure 4, the resulting surfaces of grinding processes in air and XHV for
different chip thicknesses, hcu, are compared. An increasing chip thickness changes the
surface towards a more pronounced welding-on of titanium chips (workpiece) and of
bronze bond (grinding tool). These welding-on effects first appear at hcu = 0.37 µm
and intensify with increasing chip thickness. Visible dark surface discoloration starts
at hcu = 0.37 µm, indicating a distinct temperature-induced grinding burn. However, these
effects are comparable between grinding in air and an XHV.

Lubricants 2023, 11, x FOR PEER REVIEW 7 of 10 
 

 

 

Figure 4. Microscope images of ground Ti64 workpiece surfaces. 

In Figure 5, the surface roughness of ground titanium workpieces is shown. The re-

sults also support the visual analysis (Figure 4) since no correlation between the grinding 

atmosphere and the surface roughness (Rz = 13–21 µm) can be found. The main reason is 

that the influence of the grinding wheel’s topography and process parameters is much 

higher than the influence of the atmosphere. The roughness generated in different atmos-

pheres is nearly congruent. The decreased roughness at hcu = 0.40 µm can be explained by 

the highest cutting speed of vc = 25 m/s, which leads to the lowest surface roughness. 

 

Figure 5. Surface roughness of ground Ti64 workpieces. 

To further analyze the titanium surface, an XRD phase analysis was performed. No 

quantitative differences in peak intensities and positions were found between the different 

process parameter sets. For this reason, a representative sample that was ground with a 

chip thickness of hcu = 0.23 µm is shown in Figure 6. The reference measurement of the 

workpiece before grinding shows that only titanium was present on the surface. After 

grinding, additional peaks appeared to be identical in position and intensity for the two 

machining atmospheres (air/XHV). These peaks mainly represent titanium nitride (TiN) 

formed on the surfaces in both atmospheres [21]. Since only oxygen was removed from 

Figure 4. Microscope images of ground Ti64 workpiece surfaces.



Lubricants 2023, 11, 347 7 of 10

In Figure 5, the surface roughness of ground titanium workpieces is shown. The
results also support the visual analysis (Figure 4) since no correlation between the grinding
atmosphere and the surface roughness (Rz = 13–21 µm) can be found. The main reason
is that the influence of the grinding wheel’s topography and process parameters is much
higher than the influence of the atmosphere. The roughness generated in different atmo-
spheres is nearly congruent. The decreased roughness at hcu = 0.40 µm can be explained by
the highest cutting speed of vc = 25 m/s, which leads to the lowest surface roughness.
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To further analyze the titanium surface, an XRD phase analysis was performed. No
quantitative differences in peak intensities and positions were found between the different
process parameter sets. For this reason, a representative sample that was ground with a
chip thickness of hcu = 0.23 µm is shown in Figure 6. The reference measurement of the
workpiece before grinding shows that only titanium was present on the surface. After
grinding, additional peaks appeared to be identical in position and intensity for the two
machining atmospheres (air/XHV). These peaks mainly represent titanium nitride (TiN)
formed on the surfaces in both atmospheres [21]. Since only oxygen was removed from
the gastight housing, some residual nitrogen content was likely still present in the XHV-
adequate atmosphere. During grinding, the nitrogen reacted with the newly formed
titanium surface due to the elevated grinding temperatures, resulting in the formation of a
titanium nitride layer. An oxide layer could not be detected during grinding since the XRD
measurement method is unsuitable for detecting very thin layers.
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4. Conclusions

In conclusion, the findings from this research provide valuable insights into the influence
of the grinding atmosphere on the grinding process. The experimental setup successfully
achieved conditions equivalent to an extreme high vacuum (XHV) with an oxygen partial
pressure (pO2) of ≤10−12 mbar. Grinding in an XHV-adequate atmosphere resulted in a
significant reduction in process forces, with average decreases of 16% in the tangential direction
and 50% in the normal direction compared to those when grinding in air.

Furthermore, the XHV-adequate atmosphere did not have a significant impact on the
quality of the titanium surfaces in terms of visual appearance (grinding burn), surface
roughness (Rz = 13–21 µm), and material composition within the investigated range of
parameters (vc = 12.5–25 m/s, vf = 100–400 mm/min). Both grinding in air and XHV
environments led to the formation of a TiN phase on the titanium surfaces, with no
detectable oxide layer in either case.

These results highlight the significant influence of oxygen content within the grinding
atmosphere on the process forces. Utilizing an XHV-adequate atmosphere has the potential
to decrease grinding forces, positively impacting grinding tool life, process efficiency, and
energy consumption. Additionally, an absence of oxidative degradation of the cutting
fluid in an XHV-adequate atmosphere may improve tribological properties and application
behavior. In line with these findings, several hypotheses can be proposed:

• The absence of oxygen prevents the surface from passivating, which alters the mi-
crostructure and deformation behavior during chip formation. Future investigations
can explore the impact of non-passivated surfaces on chip formation, microstructure
evolution, and associated deformation behavior during the grinding process.

• A passivated layer exhibits different surface characteristics from those of a non-
passivated layer. As a result, the wetting behavior of the oil on the surface may
also change, leading to different cooling and lubricating effects. Investigating the influ-
ence of passivation layers on the wetting behavior of the oil and the subsequent cooling
and lubricating effects can provide insights into optimizing the grinding process.



Lubricants 2023, 11, 347 9 of 10

• The reaction between silane and residual oxygen results in the formation of amorphous
SiO2 particles. It is possible that these particles are present in the grinding oil and act
as friction-reducing agents in the grinding contact. Exploring the presence and role of
these amorphous SiO2 particles in the grinding oil can shed light on their contribution
to friction reduction and overall process performance.

This will be the subject of future investigations, in addition to the general wear
behavior when grinding in an XHV-adequate atmosphere and the resulting hardness of
workpiece surfaces. In addition, future research will focus on investigating the effects of
an oxygen-free atmosphere on materials beyond Ti-6Al-4V. Aluminum alloys, steel and
cemented carbides also form a thin oxide layer on their surface and are therefore interesting
to investigate to reach a deeper understanding of the improvement of the grinding process
under an XHV-adequate atmosphere.
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Nomenclature

ae Depth of cut in mm
aed Depth of cut during dressing in mm
aes Depth of cut during sharpening in mm
Fn Normal force in N
Ft Tangential force in N
hcu Single-grain chip thickness in µm
pO2 Oxygen partial pressure in mbar
qd Dressing speed ratio (-)
Rz Average surface roughness in µm
vc Cutting speed in m/s
vcd Cutting speed during dressing in m/s
vcs Cutting speed during sharpening in m/s
vf Feed rate in mm/min
vfd Feed rate during dressing in mm/min
vfs Feed rate during sharpening in mm/min
µ Grinding force ratio (-)
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