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Abstract: In the current study, the wear behavior of bronze-bonded grinding tools when grinding the
titanium alloy Ti-6Al-4V was explored. In this process, oxidation plays a key role since both the bronze
bond and the titanium workpiece chemically react with oxygen. The oxidation effect is intensified
further due to increased temperatures during grinding and can cause tribo-oxidation. This wear
effect can be reduced or even eliminated by grinding in an extreme high-vacuum (XHV) adequate
atmosphere. This atmosphere is nearly oxygen-free and is generated using a silane-doped argon
gas that chemically reacts with oxygen. This reaction is able to decrease the oxygen partial pressure
(P02 < 10712 mbar) down to an XHV-adequate atmosphere. The aim of this paper is to investigate
the influence of oxygen in the atmosphere on the application and wear behavior during grinding
and to demonstrate the potential of this novel approach. The results presented show that during
grinding with ¢BN, the process forces are significantly influenced by the atmosphere. Depending on
the process parameters, a reduction of up to 93% is thus possible. This force reduction correlates with
radial tool wear. When grinding under oxygen-free conditions, it can be reduced by up to 64%.
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1. Introduction

Titanium-based alloys are frequently used for demanding applications due to their
excellent corrosion resistance, low density and simultaneously high strength [1]. The most
widely used titanium alloy is Ti-6Al-4V (Ti64), which is included in up to 60% of the total
titanium production and plays a major part in various industries, like aerospace. [2,3].
Typical components that are made from Ti64 are fan and compressor blades for civil aero-
engines for applications below 300 °C [4]. In order to ensure the required component
qualities, like low surface roughness, grinding processes are necessary to meet these
requirements. A common application for grinding is the manufacturing of firtree-shaped
roots of engine blades with single-layered and electro-plated superabrasive grinding tools.
These tools use diamond and cubic boron nitride (cBN) grains embedded in a metal
bond [5,6].

Titanium and its alloys are considered difficult to machine due their high chem-
ical reactiveness, especially at higher temperatures, which is caused by conductivity
(~20 W/m-K @ 20 °C) [7], and may lead to a more significant thermal load in the contact
zone. This can cause increased adhesion on the grinding tool and plastic deformation
(adhesive smearing) on the workpiece [6,8]. In addition to the chemical reactiveness created
by friction during grinding, the temperature is also influenced by a relatively low thermal
conductivity. This leads to heat accumulation in the contact zone, increases the tendency
of smearing and thus decreases the machinability of titanium [9]. Oxidation processes,
in particular, are expected to play a key role when machining titanium. In general, the
poor machinability of titanium results in high grinding tool wear [3]. To counteract this
high wear, different approaches have been investigated. For example, ultrasonic-assisted

Metals 2023, 13, 1614. https:/ /doi.org/10.3390/met13091614

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13091614
https://doi.org/10.3390/met13091614
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-0075-7719
https://doi.org/10.3390/met13091614
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13091614?type=check_update&version=1

Metals 2023, 13, 1614

2 0f 8

grinding is used in the conventional grinding of Ti-6Al-4V. This makes it possible to in-
crease the removal rate by 25% [10]. The use of nanolubrication was also investigated and
an improved application behavior, compared to the conventional grinding process, was
observed [11].

To eliminate any influence of oxygen and the associated oxidation effects, an entirely
new approach was used in the present study, which comprises a grinding process in an
oxygen-free environment. An atmosphere is considered oxygen-free when the oxygen
partial pressure is extremely low (pop < 10-11 mbar), which equals the pressure of an
extreme high vacuum (XHV) [12]. Since only the oxygen partial pressure of the atmosphere
(patm ~ 1 bar) is reduced in this approach, the oxygen-free environment is called XHV-
adequate. One method of eliminating the oxygen from an atmosphere is to use an inert
gas like argon. This procedure is commonly used in brazing processes and prevents metal
surfaces from forming oxide layers that limit the joining process. However, these processes
are not oxygen-free, since conventional protective gases have oxygen residues of about
2 ppmv and the formation of a monolayer of oxygen only takes about 2 ms [13]. For
this reason, a gas mixture of argon and monosilane (S5iH4) was used, which reacted with
oxygen and decreased the oxygen partial pressure to below the XHV threshold, enabling
oxygen-free conditions. The aim of this paper is to investigate the influence of oxygen in
the atmosphere on the application and wear behavior during grinding and to demonstrate
the potential of this novel approach. Therefore, grinding experiments were carried out to
investigate the influence of oxygen on the process forces and the radial wear behavior of
metal-bonded grinding tools when grinding Ti-6Al-4V.

2. Materials and Methods

The experimental grinding investigations were carried out on a Geibel & Hotz FS840
KT CNC surface grinding machine (Geibel & Hotz GmbH, Homberg, Germany). In order to
enable experiments in oxygen-free conditions, a gas-tight housing was added to the setup as
shown in Figure 1. It enabled the supply of the gas mixture Ar/SiH4 and cooling lubricant
for the grinding process. Bronze-bonded grinding tools (80/20 copper/tin) with diamond
(D76, C100) and cBN grains (B76, C100) were used (bronze powder by Dr. Fritsch GmbH
& Co. KG, Fellbach, Germany, abrasive grains by Ceratonia GmbH & Co. KG, Ebelsbach,
Germany). The grain size was specified according to the European FEPA standard. D76
(diamond) and B76 (cBN) corresponded to a grain size range of 63-75 um. C100 means
a volumetric concentration of 25% of abrasive grains within the abrasive layer. The used
titanium workpieces (Ti64) have a size of 100 x 30 x 30 mm. The machined volume was
determined by measuring the workpiece using a tactile profilometer after each wear test. The
grinding wheels were dressed (74 = 0.8, v,q =9 m/s, vgq = 700 mm/min, g4 = 10 pm) and
sharpened (ves = 22 m/s, vg = 100 mm/min, g, = 1 mm) before every single experiment
using a dresser with a #120-5iC wheel and a white corundum sharpening stone with a grain
size of #180.

For the investigations of the wear behavior, preliminary experiments showed that a
cutting speed of v, =25 m/s, a feed rate of vf = 200 mm/min and a depth of cut g, = 50 pm
were suitable [14]. Higher cutting speeds and feed rates resulted in immediate weld-on
effects on the grinding tools. The wear behavior was determined for diamond and cBN
grinding tools depending on the atmospheric conditions. The parameter sets are shown in
Table 1. Every set consists of three experimental grinding investigations.

To evaluate the mechanical load of the process, the grinding forces were measured
with a Kistler 9257B dynamometer (Kistler Instrumente AG, Winterthur, Switzerland). To
validate the XHV atmosphere, the oxygen partial pressure was measured with an oxygen
sensor and recorded using a Raspberry Pi. To achieve this, sample gas was drawn inside
the housing through a vacuum, as can be seen on the right in Figure 1. The gas was tapped
near the contact zone between the grinding tool and the workpiece and then directed past
an oxygen sensor to determine the oxygen partial pressure. A filter between the tapping
spot and the sensor prevented oil and SiO, particles from entering the oxygen sensor.
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Figure 1. Experimental setup for grinding in air and in an XHV-adequate atmosphere.

Table 1. Processed parameter sets for grinding experiments.

Set Abrasive Grain Atmosphere
1 Diamond Air
2 Diamond XHV
3 cBN Air
4 cBN XHV

Figure 2 illustrates the methodology of the grinding experiments and the analysis of
the tool wear. In order to generate radial grinding wheel wear, a surface-grinding process
was used to machine the titanium workpiece. Before the tool wear was analyzed, a total of
five grinding strokes was performed, each using a depth of cut of a. = 50 pm.
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Figure 2. Methodology to evaluate the grinding tool wear.
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To analyze the tool wear, only half of the grinding wheel width engaged with the
workpiece, which resulted in a width of cut of a, = 5 mm. This enabled the direct compari-
son of the initial state with the worn grinding wheel condition. By generating a negative
imprint of the abrasive layer on a piece of synthetic material made from polyurethane, the
difference in height between both levels could be measured with a NanoFocus line sensor
uScan (NanoFocus AG, Oberhausen, Germany). This difference in height represents the
radial grinding tool wear Ar.

Figure 3 shows the measuring setup and the subsequent analysis methodology for
evaluation of the grinding forces. The forces were measured with a dynamometer in
tangential Fy, normal F,, and axial direction F,. The electrical force signal was amplified,
converted and then recorded on a PC. The original measurement comprised a decent
amount of linear drift and noise, which was eliminated and filtered using a low-pass filter
before the force amplitude could be evaluated.
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Figure 3. Methodology to evaluate the grinding forces.

3. Results

To validate the XHV-adequate atmosphere, the oxygen partial pressure was measured
throughout an entire parameter set until a oty = 1000 um was reached. In Table 2, the
results are presented for each parameter set. Parameter sets 1 and 3 and their repetitions
were conducted at an ambient atmosphere (pop ~ 2.1 x 10?> mbar). The oxygen partial
pressure of the first experiment of parameter set 4 increased to pop = 9.2 x 10~ for
approximately ten minutes before XHV-adequate conditions (pop < 10~!! mbar) were
reinstated. All other experiments were performed in an XHV-adequate environment.

The grinding ratio G is the quotient of the machined workpiece volume and the worn
grinding wheel volume. It is a parameter that is commonly used to describe the tool
efficiency of a grinding wheel for a specific grinding process. Thus, a higher G-ratio equals
a higher grinding tool life [13].

The atmosphere has a significant influence on the G-ratio. When grinding with a
diamond grinding tool, there are only minor deviations regarding the G-ratio. However,
the maximum G-ratio is higher, compared to a grinding process with cBN tools, and it also
increases with an increasing total depth of cut up to G ~ 43 (@air and 4, tota1 = 1000 pm).

When grinding with a ¢cBN grinding tool, as shown in Figure 4a, the G-ratio increases
up to 93% (@ tota) = 250 um) in an XHV-adequate atmosphere, compared to air, and
reaches a peak of G ~ 30 (@4 a1 = 750 um). The G-ratio difference between XHV-adequate
and air decreases with an increasing total depth of cut. This effect describes the initial
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grinding phase. At the beginning, the profile wear is only due to the removal of grain tips
that are exposed from the bond. As a result, even slight differences in the abrasive layer
and sharpening condition lead to high deviations. This effect becomes negligible with a
higher total depth of cut.

Table 2. Oxygen partial pressure during grinding in XHV-adequate conditions.

Oxygen Partial Pressure po,

Set Abrasive Grain Atmosphere (mbar)
1,3 Diamond, cBN Air ~2.1 x 10%
2 Diamond XHV 46 x 1071322 x 1077
2 Diamond XHV 2.8 x 1071337 x 1071?
4 cBN XHV 9.2 x 1079729 x 1077
4 cBN XHV 7.9 x 10770 x 1071
cBN Diamond
a b
60( ) (b)
2 XHV °
$ 30 air 3
O
) i—
0
250 500 pm 1000 250 500 pum 1000
total depth of cut ag total
grinding process grinding tools cooling lubricant workpiece
ve =25 m/s bond: Cu/Sn (80/20) grinding oil material: Ti-6Al-4V
vf =200 mm/min  grain: cBN, diamond; Castrol Variocut length: 100 mm
ae =50 ym B76, D76; G 600 HC
ap=5.0 mm C100 Ha/115989 © IFW

Figure 4. Grinding ratio for grinding in air and XHV-adequate conditions with ¢cBN (a) and diamond
(b) grinding wheels.

Figure 5 shows the normal grinding forces and the grinding tool wear when grinding
with ¢BN and diamond tools in both atmospheres (air, XHV-adequate) in order to determine
the effect of an oxygen-free environment and possible correlations between wear and forces.
The grinding forces are significantly reduced when using a cBN tool in an oxygen-free
environment and increase in both atmospheres with a higher total depth of cut, which
can be seen in Figure 5a. When grinding with a diamond tool, this effect is much less
pronounced and the normal forces stay at F, = 5 N for every investigated total depth of cut.
When considering the grinding tool wear, a similar observation concerning the difference
between cBN and diamond grain can be made. This can be seen in Figure 5b. The radial
wear of cBN tools significantly decreases in XHV-adequate conditions, compared to air,
while diamond tools show similar wear in both atmospheres. Furthermore, the wear of
both abrasive grain types increases steadily in both atmospheres with an increasing total
depth of cut. The grinding tool wear with diamond grains at both atmospheres and cBN
grains at XHV-adequate conditions is at a similar level (@4, a1 = 0. ..750 um). Since the
tangential forces are not measurably influenced by the atmosphere, the reduced normal
force of the ¢cBN grinding wheel leads to a lower amount of friction and, thus, to a higher
grinding efficiency. This results in a lower thermal and mechanical load on the grinding
wheel and provides an explanation for the significant reduction in tool wear.



Metals 2023, 13, 1614

6 0f 8

Grinding forces Grinding tool wear
(a) (b)

N
o
N
o

I

c . XHV-BN | <
L; N air-cBN | Sum

3 (0]

o D—D-D“f—é‘D'D‘T 2 ]—?/?
L 10 . g | S 10 — | |
© (L (L air-diamond | O / g N 3
S 5 |00 5000220009 4:0.0m ®© 5 (Jammzzzzzzt gz

o | 5

< ‘ XHV-diamond ‘ ®

0 | ==
0 250 500 pum 1000 0 250 500 pm 1000
total depth of cut ag total

grinding process grinding tools cooling lubricant workpiece .,
Ve =25 m/s bond: Cu/Sn (80/20) grinding oil material: Ti-6AI-4V  Vt_
vf =200 mm/min  grain: cBN, diamond; Castrol Variocut length: 100 mm
ag =50 um B76, D76; G 600 HC anz
ap=5.0 mm €100 Ha/115990 © IFW

Figure 5. Grinding normal forces (a) and grinding tool wear (b) for cBN and diamond grinding
wheels in air and XHV-adequate conditions.

4. Discussion

The results of this study show the potential of an oxygen-free atmosphere in grinding.
This atmosphere reduces the process forces and wear, which increases the economy of the
process. The increased cost of producing the atmosphere must be set against this. Even
though this is still high in the current experimental setup, improved, gas-tight oxygen-free
production offers the potential to maintain the atmosphere with very low gas requirements,
whereby the advantages in terms of grinding technology outweigh the disadvantages.
Another potential method for reducing process forces lies in the conditioning of the grinding
tools. The use of alternative conditioning methods by means of diamond or electroerosive
dressings offers the possibility to positively influence the topography of the grinding wheel
and, thus, the wear behavior [15,16].

It has been shown that oxygen in the atmosphere probably has a positive influence on
the friction conditions in the grinding contact zone. Since the workpiece was machined
in several layers, an oxygen-free surface without an oxide layer is machined after the
first contact. Since the non-oxidized material has different mechanical properties than the
titanium oxide of the passivation layer, it can be assumed that the oxygen-free atmosphere
results in different behavior in the contact zone. However, this oxide layer is very small
compared to the depth of cut. The extent to which this influences the friction conditions
and chip formation in the contact zone has not yet been fully clarified.

Furthermore, oxygen-induced wear routes were prevented. Both cBN and diamond
are stable only up to a certain temperature. At very high temperatures, both materials
can oxidize in air. Since very small chip cross-sections are present during grinding, high
temperature peaks can occur on the abrasive grains in a very short time window. This
results not only in abrasive wear, but also in chemical wear of the abrasive grains. Whether
this hypothesis also applies to the present work and which underlying mechanisms prevail
for the grain types used will be investigated in further work.

5. Conclusions

Grinding of a Ti-6Al-4V alloy with metal-bonded ¢cBN and diamond grinding tools
was studied in both air and an extreme high vacuum (XHV) adequate environment. The
results of this study can be summarized as follows:
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1.  Oxygen partial pressures corresponding to XHV environments can be generated by
using a SiHs-doped argon atmosphere.

2. The G-ratio increases when grinding in XHV-adequate conditions when using a cBN
grinding tool and remains about the same when using a diamond grinding tool.
Grinding with diamond generally results in higher G-ratios compared to cBN. Using
the cBN in an XHV-adequate atmosphere, the G-ratio can be increased by up to 93%
compared to grinding in air.

3. Grinding forces significantly decrease when grinding in XHV-adequate conditions us-
ing a cBN grinding tool, while the forces slightly decrease when using a diamond tool.

4. The grinding tool wear significantly decreases when grinding in XHV-adequate
conditions using a cBN grinding tool, while the wear remains the same when using
a diamond tool. Depending on the process parameters, the radial wear of the cBN
tool under an XHV-adequate atmosphere can be reduced by up to 64% compared to
grinding in air.

5. The grinding forces directly correlate with wear when grinding with cBN tools in
XHV-adequate conditions.
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