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Despite extensive research on grinding of cemented carbide, few studies have examined abrasive machining of this material using small-
diameter super abrasive tools (also known as grinding pins/points), especially with respect to varying cooling-lubrication methods. This study
therefore focuses on a comparative experimental investigation of three such methods - dry, emulsion, and lubricated liquid carbon dioxide
(LCO,-MQL). The performance of these methods and the resulting grindability are examined in terms of grinding forces, force ratios, specific
energy, and through the analysis of wheel loading. The results show that LCO,-MQL grinding has lower grinding forces (normal forces - 8 %
to 145 % lower than dry grinding, and 18 % to 33 % lower than emulsion grinding and tangential forces - 4 % to 66 % lower than dry grinding
and 28 % to 78 % lower than emulsion grinding) and specific energy 24 % to 51 % lower compared to dry grinding and 64 % to 69 % lower
than emulsion grinding, indicating its potential for efficient material removal. However, a challenge with high wheel loading was observed
with LCO-MQL, likely due to the lack of oxygen in the CO, grinding atmosphere. Despite this issue, the LCO,-MQL method shows potential for
efficient operations, especially at higher aggressiveness values where the lowest specific energies were achieved. These results provide new

insights into various aspects of cooling-lubrication methods in the pin grinding of cemented carbides.
Keywords: diamond, grinding, cemented carbides, cooling-lubrication, carbon dioxide

Highlights

*  Analysis of different cooling-lubrication conditions reveals LCO,-MQL as a potentially superior method.
*  LCO,-MQL reduces grinding forces and specific energy in pin grinding.

*  LCO,-MQL achieves the lowest force ratio, indicating superior lubrication capability.

*  Wheel loading is present in all cooling-lubrication methods but is most severe in LCO,-MQL.

0 INTRODUCTION

Cemented carbides, known for their excellent
combination of hardness, wear resistance, and
toughness, have become the most common cutting
tool materials for machining applications. The
combination of the high hardness of tungsten-
carbide (WC) grains cemented into a composite by
a ductile Co binder yields outstanding mechanical
properties [1]. Cemented carbides are considered
hard-to-machine materials due to their high strength
at elevated temperatures and low modulus of elasticity
[2]. This work focuses on the GC1130 grade developed
by Sandvik Coromant, which features a high hardness
and wear-resistant substrate due to its high chromium
content and fine-grained microstructure. The WC
grain boundaries are structured to enhance edge
toughness, and the grade is designed to resolve tool
life and issues associated with chipping, flaking, and
thermal cracking in milling operations.

Due to its inherent hardness, the production of
cemented carbides almost always includes grinding
using diamond grinding wheels at the end of the
manufacturing value chain. Diamond wheels typically
feature a metal bond, or a hybrid, resinoid-metal, bond.
The grinding of cemented carbides is in high demand

in the industry, and these processes are accompanied
by high grinding forces, specific energy, wheel wear,
and low material removal rates [3]. Another concern,
common on the shop floor but not extensively
researched, is wheel loading, which is especially
challenging when grinding with low aggressiveness.
In a loaded wheel, the workpiece material becomes
embedded within the pores of the diamond wheel,
which prevents normal grinding action, i.e., material-
removal by chip formation. Badger reported that
loading of cemented carbide workpiece material does
not appear to be caused by the high ductility of the
workpiece material or a chemical reaction, but rather
by the short, WC-Co chips [4]. The author proposed
the loading be removed via stick-conditioning. In
production, grinding machines have conditioning
(sticking) done by truing using aluminum oxide
wheels, often used in-process while grinding. In some
cases, an external truing wheel can be used [5]. In
the most challenging applications, diamond-wheel
conditioning is done on metal-bonded wheels by spark
electric-discharge dressing, which requires a special
wheel design and grinding fluid to facilitate electrical
conductivity [6].

Grinding fluids reduce the friction in the contact
between the tool and the workpiece. This is achieved
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through lubrication. Grinding fluids also dissipate
heat from the grinding zone, i.e., they provide cooling.
While most industrial grinding of cemented carbides
is done using (petroleum-based) straight oils, it is
also possible to use a solution synthetic fluid, which
is considered more environmentally friendly due
to the large proportion of water (e.g., 95 %) in the
grinding fluid. Both types of grinding fluids typically
contain additives, such as chemical substances to
inhibit cobalt leaching, i.e., removal of the cobalt
binder. To further improve sustainability, it is viable
to drastically reduce the amount of grinding fluids
used [7]. For example, minimum quantity lubrication
(MQL) technology can be used in the grinding of
cemented carbides, which employs an oil-mist to
lubricate the grinding process at a consumption rate
that is on a mL/hour scale [8]. Nevertheless, while
MQL can lubricate the process, it has limited cooling
capability [9]. Therefore, recent innovative solutions
include using subcooled MQL, for example, by using
liquid nitrogen to reduce the temperature of the MQL
oil mist [10], or by dissolving the oil in liquid carbon
dioxide (LCO,), which upon exiting a nozzle drops to
a temperature of —78.5 °C and freezes the oil droplets,
which measure only 2 micrometers in diameter [11].
Such advanced solutions to cooling and lubrication
have not yet been explored in the grinding of cemented
carbides. This work focuses on investigating the LCO,
solution, as this technology has proven superior in
other machining applications, such as in drilling [12]
and milling [13]. Even though the pressure in LCO,
cylinder is nearly 6 MPa (60 bar), it is likely that the
air barrier formed around a grinding wheel rotating
at high speed would prevent the LCO, from entering
the grinding zone and causing it to be diverted
elsewhere. Therefore, the first grinding investigation
using LCO, intentionally involved using a tool with a
much smaller diameter that does not create a distinct
air barrier and is hence a lower obstacle to gas/oil-
mist penetration. In conventional grinding, wheel
diameters typically measure 400 mm to 600 mm,
whereas the diameter of the grinding pins in focus
here was only 6 mm. Grinding with small (generally
<15 mm) fixed-abrasive tools, such as diamond pins
mounted on a high-speed machining center is often
referred to as pin or point grinding [14], which has
proven to be a capable process for machining of hard
and brittle materials with high dimensional accuracy
and fine surface finish demands [15], due to a small
grit-penetration depth. The available research on pin
grinding of cemented carbides is limited. Kadivar et
al. [16] studied the process mechanics and surface
integrity of micro-grinding of titanium alloys and

ceramics. Arrabiyeh et al. [17] studied the importance
of process parameters in the micro-grinding of
hardened steel. Morgan et al.'s [18] study, specifically
focused on cemented carbides, revealed that the
specific energy was initially high at the onset of
tool-workpiece contact, but rapidly decreased to an
almost constant value of 500 J/mm3 after a stable tool
engagement. Huang and Kuriyagawa [19] performed
grinding of cemented carbide used for mold inserts,
achieving better form accuracy and surface roughness
even though they found small chipping of the material.

Based on the previous research, it has been
observed that critical issues such as high rotational
speeds, significant tool deflection, uneven grit
protrusion, varying bond layer thickness, rapid tool
wear, sensitivity to runout resulting in vibrations,
and excessive tool loading are encountered [20].
While challenges such as wear and deflection can be
addressed by optimizing grinding parameters, it was
recognized that more research is needed, particularly
in the areas of cooling and lubrication, and the
investigation of vitrified pins, as most studies have
focused primarily on electroplated (single layer) tools.
In summary, research on pin grinding, particularly
for cemented carbide materials, remains limited.
Given this knowledge gap, the objective of the
present study is to investigate the effects of various
cooling-lubrication methods, including dry machining
conditions as an extreme reference, on the grinding of
cemented carbide using a vitrified diamond grinding
pin. A secondary objective is to investigate the wheel-
loading phenomena associated with different cooling-
lubrication methods. The insights gained from this
research could provide valuable information for future
efforts to extend these experiments to conventional
grinding applications using LCO,.

1 EXPERIMENTAL

Pin grinding experiments were conducted using
the Sodick MC 430L high-speed milling machine,
The employed grinding tool was a vitrified-bonded
diamond pin (D32-46-150-V-3195) mounted on
a tungsten-carbide shaft, produced by Meister
Abrasives. The pin had a diameter of 6 mm.
The workpiece material chosen was an uncoated
cemented carbide blank (GC1130 grade), designed
for a gear-cutting insert and fabricated from the fine-
grained, high-chromium by Sandvik Coromant. This
workpiece, with dimensions of 85 mm x 15 mm x 13
mm, was subject to hardness testing with a Vickers
microhardness tester, yielding a hardness value of
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79 HV. Fig. 1 shows images of both the tool and the
workpiece utilized in the grinding experiments.

A N
Fig. 1. a) Diamond grinding tool, and
b) cemented carbide workpiece

Lk

b)

After each test, the grinding wheel underwent
a conditioning and cleaning process using a hand-
sticking method with a fine-grit mesh silicon-carbide
stone. The grinding experiments consisted of five
varying grinding wheel speeds, ranging from 4 m/s to
12 m/s, while maintaining a constant workpiece speed
(100 mm/min) and depth of cut (10 pm). This range in
grinding wheel speeds provided six distinct grinding
aggressiveness conditions. Table 1 lists the utilized
grinding parameters and the corresponding calculated
aggressiveness numbers, Aggr.

Table 1. Grinding parameters used in the experiments

Wheel Workpiece

Experiment speed speed Depthofcut ~ Aggr
no. [m/s] [mm/min] ] [
1 12 100 10 5.68
2 10 100 10 6.82
3 8 100 10 8.52
4 6 100 10 11.36
5 4 100 10 17.04

Fig. 2 illustrates the experimental setup used
for this study. A Kistler Type 9129AA dynamometer
was employed to measure the normal and tangential
grinding forces. During the LCO,-MQL trials, the
dynamometer was insulated to minimize potential drift
and bias in force readings stemming from the low-
temperature effects on the piezoelectric dynamometer.

To assure the reliability and reproducibility of the
results, each experimental test was replicated four
times.

Fig. 2. Experimental setup

The tool's topography following each experiment
was initially assessed utilizing a Keyence VHX 6000
digital microscope. Furthermore, an FEI/Philips
XL30 ESEM (Environmental Scanning Electron
Microscope) was employed to examine wheel surface
and ascertain potential wheel loading or clogging
issues.

Three different cooling-lubrication conditions
were utilized in the grinding experiments: dry,
emulsion, and LCO,-MQL grinding. For "emulsion
grinding” a conventional water-based cutting
fluid in the form of a soluble oil emulsion with a
concentration of 6 % was employed. The LCO,-MQL
system deployed, ArcLub One, was developed at the
University of Ljubljana, Slovenia. This novel cooling-
lubrication approach involves a single-channel supply
of a pre-mixed blend of LCO, and oil, conveyed
as MQL. As nonpolar oils, which are completely
soluble in LCO,, lead to smaller oil droplet sizes and
more uniform distribution in MQL, a low-viscosity,
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nonpolar oil was selected as the lubricant [11] and [21].
The chosen lubricant was HAROLBIO 0, a petroleum-
free, saturated synthetic ester with a viscosity index of
152 (ASTM D 2270). An external nozzle was used to
deliver the cooling lubricant to the grinding zone.

Fig. 3. LCO,-MQL grinding set up

2 RESULTS AND DISCUSSION

In this section, an analysis of the results is presented,
focusing on the evaluation of the grinding process
through grindability aspects such as grinding forces,
grinding force ratios, grinding specific energy, wheel
loading, and wheel topography. The significance
and novelty of the results are discussed. Limitations
associated with the techniques used and the results
presented are also highlighted.

2.1 Grinding Forces

The normal and tangential grinding forces were
measured across four repetitions. Since the measured
grinding forces remained relatively constant across
these repetitions, average grinding force values were
used in Figs. 4 and 5 to show their variation with Aggr
and cooling-lubrication conditions. Both tangential
and normal grinding forces were found to decrease
with an increase in cutting speed — an expected result
given that higher cutting speeds yield smaller Aggr

values. In all cases, normal forces exceeded tangential
grinding forces, an observation commonly noted in
conventional grinding operations as well.

Normal forces [N]
[+
o

—&—Dry
—&— Emulsion
0.5 —A&—LCO2-MQL

0 2 4

o

8 0 12 14 16 18
Aggr
Fig. 4. Normal grinding forces vs. Aggr
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2
Z
§ 1.5
e
E 1
5
g
& —&—Dry
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—4—LCO2-MQL
0
0 2 4 6 8 10 12 14 16 18

Aggr
Fig. 5. Tangential grinding forces vs. Aggr

The normal grinding forces are lower in LCO,-
MQL grinding for the first five experiments and range
from 1.2 N to 4.09 N, followed by emulsion and dry
grinding. The tangential grinding forces are also lower
for LCO,-MQL grinding and range from 0.25 N to
1.5 N, followed by dry and emulsion grinding. The
grinding force values were found to be exceptionally
high in the last experiments of emulsion and LCO,-
MQL grinding due to excessive wheel wear and wheel
loading. The sixth experiment at the highest Aggr
is clearly an outlier, and hence not a representative
case of normal grinding conditions. The normal
and tangential grinding forces are comprised of two
components, one due to cutting and one due to sliding
on the wear flats [22]. The low tangential grinding
forces observed in LCO,-MQL grinding indicate
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efficient shear in the grinding zone and lubrication. A
boundary-lubricating film was likely formed through
polar group adsorption [11]. The lubricating film
allows the oil to penetrate the grinding zone, which
helps to prevent issues such as evaporation, and
adhesion that can occur due to high temperatures,
when the lubricant layer is sufficiently thick, it
provides an effective lubrication effect, further
reducing grinding forces [23]. Hence, the combined
effect of LCO, and MQL can enhance the formation
of the lubricating film. This combination facilitates
a continuous lubrication effect, which contributes to
the reduction of grinding forces and friction [24]. The
grinding forces are higher under dry grinding because
of the excessive sliding and plowing action [25].
One can also observe very steady levels of normal
and tangential forces in LCO,-MQL, which indicate
minimal tool wear, until its collapse [26] at excessive
(Experiment 6) grinding condition at the highest
tested Aggr.

The grinding force ratio is further analyzed as it
provides indirect information regarding the efficiency
of the grinding process. It can characterize the
lubrication effect at the wheel/workpiece interface.
A high grinding force ratio suggests poor lubrication
in the grinding zone, whereas improved lubrication
corresponds to a lower force ratio. The force ratio
in grinding is synonymous with the coefficient of
friction between sliding surfaces. For hard materials,
the coefficient of friction is high, indicating worse
grindability [27]. The following expression is used to
calculate the grinding force ratio:

w=Fy/Fy, (M

0.50

Force ratio, u
(=]
=y
[=]

0.20 '®)

0 5 10

Ager

. 0 .

o O

where Fris the tangential grinding force, and Fy is the
normal grinding force.

Fig. 6 shows the grinding force ratios under
varying cooling-lubrication conditions. The grinding
force ratios for dry grinding range from 0.32 to 0.38.
In comparison, grinding with emulsion gives ratios
between 0.50 and 0.82, representing an increase of
56 % to 116 % compared to dry grinding. On the
other hand, LCO, shows the lowest force ratios,
ranging from 0.21 to 0.37, representing a 3 % to 34
% decrease compared to dry grinding and a 55 % to
58 % decrease compared to emulsion grinding. The
grinding force ratio is maximum under emulsion
grinding followed by dry grinding. The grinding force
ratio in LCO,-MQL grinding is lower compared to
that in dry and emulsion grinding, indicating that the
grindability, with respect to friction in the grinding
zone, is enhanced with LCO,-MQL grinding. The
penetration of LCO,-MQL into the grinding zone
creating a boundary lubrication layer provides better
lubrication, hence reducing friction [23].

2.2. Specific Grinding Energy

Specific grinding energy, u, is a fundamental parameter
for gauging the efficiency of the grinding process.
This quantity is defined as the energy expended
per unit volume of material removed [28]. Specific
energy is dependent on the tangential grinding force,
the employed grinding parameters, the workpiece
material's grindability, the tool's topography, and the
tribological conditions in the grinding zone, which are
largely determined by the cooling-lubrication method

ODr1y grinding
OEmulsion grinding
OLCO2-MQL grinding

O

6]

15 20

Fig. 6. Grinding force ratios vs. Aggr
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used. The following equation can be used to calculate
the specific energy [28]:

u:FTVs/(Vwab) (2)

where Fr is the tangential grinding force, V is the
wheel speed, V,, is the workpiece speed, a is the depth
of cut, and b is the grinding width of cut.

Badger et al. [29] introduced the dimensionless
aggressiveness number, Aggr, a fundamental
parameter encapsulating the geometry and kinematics
of a grinding process. In this study, Aggr was therefore
used to quantify the intensity of abrasive interaction
during the experiments as it is fundamentally linked
to the specific grinding energy. As such, the outcomes
of the pin-grinding experiments were analyzed and
charted across various aggressiveness numbers. The
aggressiveness number can be calculated as follows:

Aggr =105 (V,, 1 V) (a/ d)'">, 3)

where d is the diameter of the wheel.

The obtained specific grinding energy values for
the different cooling-lubrication methods are given in
Table 2. The specific energies here were calculated
using the measured tangential grinding forces at
different Aggr values. The specific grinding energy
was lower at higher Aggr, indicating that increasing
the wheel speed improves the efficiency of material
removal, since the lower specific energy indicates
lower proportions of sliding/friction in the chip
formation process [3]. This phenomenon is especially
noticeable in pin-grinding or when the depth of cut is
very small.

Table 2. Specific grinding energy values for different cooling-
lubrication conditions

Experiment  Aggr Specific energy [J/mm?]
No. [-] Dry Emulsion  LCO,-MQL
1 5.68 55 82 18
2 6.82 47 137 42
3 8.52 45 96 38
4 11.36 50 71 38
5 17.04 37 50 36

In LCO,-MQL grinding, the obtained specific
energy values range from 18 J/mm?® to 42 J/mm?,
the lowest among the tested cooling-lubrication
conditions. By comparison, the values for dry grinding
are between 37 J/mm? and 55 J/mm?3, and for emulsion
grinding, they span from 50 J/mm? to 137 J/mm?.
These results suggest that LCO,-MQL cooling
lubrication enables the most efficient cutting.

160

40 . © Emulsion
: ® Dry
@LCO2-MQL

Specific energy(J/mm*)

Fig. 7. Specific grinding energy vs. Aggr

The specific energy curve depicted in Fig. 7
exhibits a typical size effect, indicating that specific
energy declines as the aggressiveness number (or
undeformed chip thickness) increases. This effect can
be attributed to the transitional nature of the grinding
process among the sliding, ploughing, and cutting
regimes. With larger Aggr values, the grinding process
is dominated by the cutting regime, where material
removal occurs predominantly through shearing.
Conversely, at lower Aggr values, the grits of the
grinding wheel largely slide across the workpiece
surface, resulting in limited material removal.
The latter behavior necessitates a greater energy
expenditure to remove a unit volume of material,
thereby contributing to the observed size effect.

2.3 Wheel Topography

After each experiment, regardless of the cooling-
lubrication method utilized, wheel loading was noted,
a phenomenon expected due to the low grinding
aggressiveness. The tested Aggr values in pin-
grinding with a diamond pin are significantly smaller
compared to values observed in larger-scale grinding
operations. This is mentioned, as the problem of wheel
loading is also common in conventional grinding of
cemented carbides, particularly when using straight
oil as a grinding fluid. This issue was mitigated during
the sequence of experiments and their repetitions by
conducting a thorough conditioning and cleaning
of the grinding wheel surface after each trial using
an abrasive stone/stick, as described in Section 1.
Figs. 8 to 10 depict images of the wheel topography
following grinding under different cooling-lubrication
conditions. With dry grinding (Fig 8), the wheel
loading is clearly visible after each experiment. This
is due to the lack of grinding fluid to flush away the
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chips during grinding and to reduce temperatures.
In emulsion grinding, the wheel loading is less than
in other methods due to the effectiveness of the
emulsion in preventing clogging and removing chips.
However, LCO,-MQL grinding (Fig. 10) presents a
stark contrast. Although LCO,-MQL has the lowest
values of grinding forces and specific energy, it has a
substantial wheel loading, which is noteworthy. This is
likely due to the lack of oxygen in a CO, atmosphere,
which may enhance the adhesion of metal particles
(chips) to the grinding wheel.

=

o Eo2 | s
Exp4 Exp5 Exp6

Fig. 8. Wheel loading after dry grinding

Exp 5 Exp 6
Fig. 9. Wheel loading after grinding with emulsion

Exp2

Exp 5

Fig. 10. Wheel loading after LCO,-MQL grinding

To investigate the loading for the LCO,-MQL
case more thoroughly, the pins were gold sputtered
before electron back-scatter diffraction pattern
analysis was conducted. Fig. 11 displays scanning
electron micrographs (Fig. 11a) magnification 350
X, Fig. 11b) magnification 95 x), which reveal the
particles loaded onto the wheel. The bright white,
shiny areas represent the cemented carbide materials

loaded into the wheel, a conclusion further supported
by a chemical analysis of the wheel surface. This result
could be due to inefficient chip evacuation when using
LCO,-MQL, which contradicts previous findings
of reduced loading during LCO,-MQL grinding of a
titanium alloy with a conventional wheel [30].

b)? Mag| WD | Det sm Date
Fig. 11. ESEM images of the wheel surface after
LCO,-MQL grinding; a) ESEM (magnification 350x), and
b) ESEM (maghnification 95x)

While the presence of oxygen in a typical
grinding atmosphere minimizes the sticking, or
“adhesion,” of metal particles to each other and to the
workpiece, enhancing the overall grinding process,
its absence in environments like a vacuum or an inert
(non-reactive) atmosphere can significantly alter the
process. Specifically, the lack of oxygen may increase
the likelihood of metal particles sticking to each
other and adhering to the workpiece and the grinding
wheel [31] and [32]. When oxygen is absent, freshly
created metal workpiece particles, or chips, with
pristine, uncontaminated surfaces, have a propensity
to physically stick to one another and to the wheel
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surface. This behavior subsequently leads to the
loading and clogging of the wheel [28].

3 CONCLUSIONS

In conclusion, this study was conducted to advance
the understanding of the effects of varying cooling-
lubrication conditions on pin grinding of cemented
carbides. Through the detailed investigation of three
different conditions: LCO,-MQL, dry, and emulsion
grinding — the following results were obtained.

The grinding forces and specific grinding
energies were found to be lowest in LCO,-MQL
grinding. It was found that grinding under emulsion
(flood) conditions resulted in a poorer performance
compared to dry grinding.

In addition, the lack of oxygen in a CO,
atmosphere can potentially increase the adhesion of
metal particles (chips) to the grinding wheel, leading
to challenges in the grinding process, especially
severe wheel loading in the case of LCO,-MQL
grinding. However, the novel method of cooling-
lubrication, using lubricated liquid carbon dioxide,
while demonstrating a wheel loading problem, showed
potential for improved grinding efficiency.

These findings pave the way for further
investigation into optimizing the material removal
processes in the pin-grinding of cemented carbides,
with a particular focus on addressing wheel loading
issues and understanding the role of the grinding
atmosphere.
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