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Abstract: Polycrystalline diamond (PCD), which is widely used to manufacture cutting
tools due to its extreme hardness, in most cases requires grinding for machining. The
cooling lubricant selected for PCD grinding largely affects the frictional conditions and
the thermo-mechanical load collective between the diamond grinding wheel and the PCD.
As a consequence of this, the material removal and grinding wheel wear mechanisms
during grinding PCD depend on the cooling lubricant used. In this study, experimental
and numerical investigations were taken into account, demonstrating that using a water-
based cooling lubricant during PCD grinding predominantly leads to a mechanical load
on workpiece and grinding wheel rather than thermal loads. These original findings can
be used to complement existing explanatory models of the PCD grinding process valid
for grinding with oil as a cooling lubricant. The aim of this work is to contribute a novel
extension to the existing material removal and grinding wheel wear models to enable them
for the grinding process with a water-based cooling lubricant. The knowledge obtained
from this work is intended to serve as a basis for future industrial process design.

Keywords: polycrystalline diamond; grinding; water-based cooling lubricants; material
removal mechanisms; grinding wheel wear; transmission electron microscopy (TEM);
explanatory model

1. Introduction

Non-ferrous materials that are frequently used in aerospace applications and various
other scenarios, such as titanium alloys, are commonly machined with cutting tools made
from polycrystalline diamond (PCD) [1]. Due to its high hardness, the manufacturing of
PCD cutting tools may rely on laser processes but also often includes grinding processes [2].
Without research regarding whether oils [3] and water-based cooling lubricants [4,5] can
both be used for grinding PCD with vitrified bond grinding wheels, the material removal
and grinding wheel wear mechanisms remain unknown.

In general, the material removal during grinding brittle-hard materials can be traced
back to the initiation of cracks in the axial, lateral, and radial directions [6]. PCD, however,
is subject to a more complex manifestation of these mechanisms, which can be attributed to
its multiphase structure. An earlier research work on grinding PCD with oil as a cooling
lubricant by Schindler concluded that both mechanical and tribo-chemical loads in the
contact zone are relevant to the material removal. Up to a certain mechanical load limit, the
tribo-chemical mechanisms are prevalent. Above the load limit, the mechanical share of the
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load becomes dominant, which also leads to a rougher workpiece surface after grinding [7].
Vits continued the work of Schindler and analyzed the tribological phenomena when
grinding PCD, also referring to processes with oil as a cooling lubricant. He assumed force
peaks resulting from the contact between a PCD diamond grain and an abrasive grain
to be the cause for crack initiations in the workpiece, the vitrified bond of the grinding
wheel, and the abrasive grain-bond interface. Elevated temperatures in the grinding
process in combination with different thermal expansion coefficients of the contact partners
were identified as further possible reasons for crack initiations and therefore brittle-hard
chip formation [8].

Water-based cooling lubricants may increase the friction between workpiece and abra-
sive grain [9]. Thus, they may lead to a more efficient chip formation [10]. It can also be
presumed that the process cooling in grinding PCD with a water-based cooling lubricant is
more efficient compared to a grinding process with oil as a cooling lubricant. This, neverthe-
less, has only been investigated to a limited extent in the past, for example, by Kenter [11].
Therefore, it is unknown in which way the use of a water-based cooling lubricant influences
the material removal mechanisms and the grinding wheel wear mechanisms.

Besides PCD, polycrystalline cubic boron nitride (PCBN) is an important superhard
multiphase cutting tool material. The manufacturing of PCBN cutting tools, analogously
to the PCD tool manufacturing, includes grinding processes. Scientific research on these
PCBN grinding processes exists but in many cases refers to oils as cooling lubricants, for
example, in multiple studies of Denkena et al. [12,13]. Water-based cooling lubricants,
meanwhile, have not been systematically considered.

Recently, several studies were conducted by the authors of this work to analyze the
effect of water-based cooling lubricants on the grinding process of superhard cutting mate-
rials on the example of PCD. They carried out tribological investigations [14] and grinding
experiments [15] as well as numerical simulations [16]. The present work aims to combine
the conclusions from the aforementioned publications with results from transmission elec-
tron microscopy (TEM) imaging in order to develop an explanatory model for the material
removal mechanisms in grinding PCD with a water-based cooling lubricant. Additionally,
an explanatory model for the grinding wheel wear during the grinding of PCD with a
water-based cooling lubricant was developed. Both models contribute novel findings to
the state of the art in order to mitigate the research deficit described above.

2. Materials and Methods

The investigated PCD samples were analogous workpieces from the manufacturer Ele-
ment Six, London, United Kingdom. They were rectangular with the following dimensions:
width by, =4 mm and height h,, = 15 mm. The thickness was t,, = 1.6 mm, and samples were
composed of a share of tywc.co = 1 mm, which was accounted for by the WC-Co cemented
carbide substrate, and a share of tpcp = 0.6 mm, which was accounted for by the PCD layer.
This geometry was adapted to the cutting edge of a standard indexable insert. A hole of
the diameter d¢ = 0.8 mm was introduced to the cemented carbide substrate by electrical
discharge machining. This was required for the pyrometer fiber used for the temperature
measurement. The investigated material was CMX850, a common PCD specification for
the manufacturing of milling and rough cutting tools for aluminum alloy machining as
well as titanium and composite machining [17]. It had an average diamond grain size of
dg = 0.5-1.0 pum and a cobalt content of xc, > 15 wt% [18].

The experimental setup, including a sketch of the PCD workpiece, is shown in Figure 1.
A five-axis tool grinding machine of the type 522p turbo from ISOG Technology GmbH,
Weilheim, Germany (8) was used to machine the workpieces. A vitrified bond cup grinding
wheel with a diamond grain diameter of dg = 15 pum and a vitrified bond was chosen (1),
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which matches a typical tool selection in corresponding industrial processes. The grinding
wheel was sourced from the manufacturer Tyrolit Schleifmittelwerke Swarovski AG & Co
K.G., Schwaz, Austria. It was dressed before each grinding test using a corundum dressing
wheel of the specification 89A400H5AV83 from the same manufacturer. A three-component
dynamometer of the type 9119AA2 from Kistler Instrumente AG, Winterthur, Switzerland
was used to measure the normal force F,, and tangential force F; during grinding (5). The
force measurement system relies on an array of piezoelectric crystals. Before the start of the
test series, it was calibrated for the expected force range of up to 100 N in normal direction
using a static mass element of the same weight force. The solution Aquatec 5001 from
Oelheld GmbH, Stuttgart, Germany was used as a cooling lubricant and applied through
free-jet nozzles (8). Aquatec 5001 is a mineral oil-free cooling lubricant that is an additive
for grinding cemented carbides, among other applications. This ensures that there is no
increased cobalt leaching when machining PCD with this coolant [19]. At room temperature
and a concentration of x. = 3%, which is the average concentration investigated in this
study, the dynamic viscosity was 7 = 1.09 mPas [20].
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Figure 1. Experimental setup for the grinding tests.

The workpiece (3) was fixed in the workpiece clamping (2). A pyrometer fiber (6) of
the diameter d¢ = 0.8 mm was led through a hole in the cemented carbide substrate for
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temperature measurement. It was of the type 3ML and, like the pyrometer of the type
3MH2, from the manufacturer Optris GmbH & Co. KG, Berlin, Germany. The fiber was
brought to the contact zone between workpiece and grinding wheel, as described above.
For the investigation of the material removal mechanisms, a force-guided process was
carried out, which was achieved through the workpiece clamping being placed on a sliding
linear guidance (7) suspended on a spring—damper system (4). This enabled the application
of a certain normal force Fy, to the workpiece by compressing the spring—damper system
in an according way in the vertical direction. During this, both process state variables,
namely normal force F, and relative velocity v,.], were controlled directly and kept constant
during a single test run. Therefore, the tribological loads to which the PCD was exposed
were precisely determined. This enabled the calculation of a mathematical friction model
for the multi-grain engagement between PCD and diamond abrasive grains as a function
of the physical properties of the water-based cooling lubricant [15]. Furthermore, the
determined tribological loads provided a good basis for the TEM image analysis for the
same reason. Thus, the explanatory model presented in this work could be derived well
from the empirical data collected.

The normal force was varied in the three steps Fp, = 10, 30, and 50 N. The relative
velocity was set to the three values v, = 5, 15, and 25 m/s. Three cooling lubricant con-
centrations x were investigated (xq =1, 3, and 5%). A full factorial design of experiments
with a test repetition for statistical purposes was applied.

A test run consisted of a loading phase, where the grinding wheel rotation was
disabled, and the grinding wheel was moved into contact with the workpiece fixed on the
spring—damper system. The normal force F, was increased to the value intended for the
test point. After this, the cooling lubricant supply was enabled, and the grinding wheel
was set to rotate with the desired relative velocity v, while the vertical position of the
grinding wheel was kept constant for a process time of t = 8 s. This duration was chosen
after preliminary tests to ensure relatively stable experimental conditions over a single test
run. Longer time periods would have led to significant superposed wear effects, making it
difficult to determine the cause—effect relationships occurring.

The grinding wheel wear mechanisms were investigated in a track-bound grinding
process with a rigidly positioned workpiece. In this process, the depth of cut a. was the
defining process input variable rather than the normal force F,. For the analysis of the
grinding wheel wear, a track-bound setup is advantageous because the exact material
removal Vy, is known at all times during the experiment. Aside from the depth of cut
ae, the relative velocity v, and the cooling lubricant concentration x were varied in
the track-bound grinding experiments. The depth of cut a. was varied in the three steps
ae = 3,5, and 7 um. For the relative velocity, the three steps v, = 10, 15, and 20 m/s were
investigated. The cooling lubricant concentration was varied in the three steps x =1, 3,
and 5%. The macroscopic wear of the grinding wheel was measured through negative
contour imprints of the grinding wheel in epoxy wear measurement plates and a MarSurf
LD270 contour and surface measuring station by Mahr GmbH, Goettingen, Germany. The
microtopography was recorded through direct images of the grinding wheel taken using a
3D laser scanning microscope (LSM) of the type VK-X 150 by the manufacturer Keyence
Deutschland GmbH, Neu-Isenburg, Germany.

The methodology for the derivation of the explanatory model for the material removal
mechanisms relied on TEM analyses because they have been proven to deliver valuable
information about the subsurface impact of the grinding process on PCD and similar
workpiece materials, as Vits showed, for example. Following the approach of Vits, a focused
ion beam (FIB) was chosen for the sample preparation because it does not significantly
influence the workpiece rim zone, according to Vits [8]. Both the FIB preparation and
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the TEM analysis were executed at the Central Facility for Electron Microscopy of RWTH
Aachen University, Aachen, Germany. The FIB machine used was of the type Crossbeam
350 from the manufacturer Carl Zeiss Microscopy Deutschland GmbH, Jena, Germany. The
lamellae were cut from the workpieces in the direction in which the grinding wheel passed
during grinding, following the methodology of Vits [8]. First, the lamellae were barred
from the surrounding workpiece material, after which they were thinned to a thickness of
Ham <1 pm, cut out, and mounted to a copper web, which was needed to fix the lamellae
to the sample holder within the TEM. The width of the lamellae was b}, ~ 10 pm. The FIB
preparation is shown in Figure 2.

Removed Platinum Lamella

PCD protective Surrounding
material layer material

Copper web
AR A

Figure 2. FIB preparation of the PCD lamellae.

The TEM analysis was performed on a microscope of the type Tecnai F20 from the
manufacturer FEI, Hillsboro, OR, USA. It was operated in the scanning TEM mode (STEM),
which enables a resolution of drgy = 0.24 nm. A bright field (BF), a dark field (DF), and a
high-angle annular dark field (HAADF) detector were used. Furthermore, the phase com-
position of the samples was analyzed through energy dispersive X-ray spectroscopy (EDX).

3. Results and Discussion
3.1. Material Removal Mechanisms

This section first presents the STEM and EDX analysis results. Subsequently, the
results of the different samples are compared with each other. The comparison is used
to derive findings on the material removal mechanisms when grinding polycrystalline
diamond with a water-based cooling lubricant.
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Multiple samples ground with varying process parameters were chosen for the TEM
analysis on the effects of the PCD grinding process with a water-based cooling lubricant.
STEM images from three samples are presented in Section 3. One of them was in the initial
state before the grinding process. The other two were subjected to a different thermo-
mechanical loads during the grinding process. Both presented samples were ground at
a cooling lubricant concentration of x, = 3% since the cooling lubricant concentration
proved to have a decisively lower impact on the resulting thermo-mechanical load to
the workpiece than the normal force F, and relative velocity v,e, which was confirmed
through the tangential force and temperature measurements in the experiments. The first
of the ground samples was machined at a normal force of F,, = 30 N and a relative velocity
of v,e] = 15 m/s (representing experiments with a lower thermo-mechanical load). The
second ground sample was machined at a normal force of F, = 50 N and a relative velocity
of U] = 25 m/s (representing experiments with a higher thermo-mechanical load). The
experimental results presented in this study, including the EDX analyses, were compiled to
representatively illustrate the overall results for the complete research data collected in the
context of the work.

Before investigating the samples prepared in the grinding tests, a reference sample of
the same PCD specification was analyzed. This was in order to identify any anomalies in
the initial state of the samples. The analysis relied on STEM-DF images, as they allowed for
a clearer identification of stresses, dislocations, and cracks in the crystal structure. Therefore,
in Figure 3, dark areas are to be interpreted as diamond grains, while the cobalt share of
the material appears as brighter areas.

Diamond

1500 - - ﬂ
Cc
‘w1000
=)
o }
o
o
x
a %00
w
Cu
A
Platinum 0 0 5 4 6 8 10
protective Cobalt

Intercrystalline crack formation

layer Ll Energy [keV]

Diamond with dislocations
and internal stresses

Cobalt with dislocations

Figure 3. STEM/EDX analysis of the reference sample (unground condition). (A) detail view of the
marked area within the lamella; (B) EDX analysis of the marked point within the detail view.

The general sample microstructure consisted of diamond grains of the expected aver-
age diamond grain size dg <1 um, which were in an irregular orientation and interlinked at
their contact points. In the spaces in between the diamond grains, residues from the cobalt
catalyst were agglomerated. Figure 3A displays a detail of the DF-STEM image as marked
in the overview image. It can be seen that intercrystalline crack formation was already
present in the material before the grinding process. Furthermore, the diamond as well as
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the cobalt crystals already carried dislocations and, partially, signs of internal stresses. In
areas where the grayscale in the image did not allow for an unequivocal identification of
the present phase, an EDX point analysis was performed, as shown in Figure 3B for the
point marked in detail A. In this example, the EDX analysis led to the conclusion that the
medium gray area represents a diamond (C) grain with a large amount of dislocations
rather than a cobalt inclusion. It can be assumed that more dislocations were present in the
lamella than could be identified within a single image because the visibility of dislocations
strongly depends on the angle between the crystal planes and the electron beam within the
microscope. The detection of copper (Cu) constituents could be traced back to the copper
web used as a sample holder (see Figure 2). Traces of copper can be detected in EDX point
analyses several micrometers aside the sample holder because of electron backscattering
and can thus be neglected for the further evaluation. The findings described above and
displayed in Figure 3 prove representative for the entire lamella, which was cut from the
reference sample. It can be assumed that the cracks, dislocations, and stresses found in
the reference sample were caused by the thermo-mechanical conditions in the sample
manufacturing, including a high-pressure, high-temperature sintering process [21].

Figure 4 shows the STEM and EDX analysis of a sample ground with a relatively
low thermo-mechanical load, as indicated by the grinding parameters used (normal force
Fn =30 N, relative velocity v, = 15 m/s). It is to be noted that the top right-hand corner
of the overview image appears slightly darker than the rest of the image. This is due to a
thinner area within the lamella, which distorts the imaging fidelity. The contrast between
the diamond and cobalt phase in the respective area as well as the part of the image outside
the described area remain uncompromised. The microstructure was similar to the reference
sample and also showed dislocations in both diamond and cobalt crystals (for example,
Figure 4A) as well as intercrystalline cracks. Furthermore, more shattered diamond grains
were found within the lamella than within the reference sample. An example is displayed in
the marked point B in Figure 4A and verified through the EDX analysis given in Figure 4B.
This indicates that an additional mechanical load interfered with the microstructure in the
grinding process. The intense and more frequently occurring dislocations in the cobalt
phase attribute to the same conclusion. In the example of the marked point C in Figure 4A,
the EDX analysis detected traces of copper (Cu) and tungsten (W), as displayed in Figure 4C.
While the copper traces were already described for the reference sample (Figure 3), the
tungsten traces were not evident in any EDX analysis performed on the reference sample.
Nevertheless, it can be argued that they were introduced from the cemented carbide
substrate of the samples during the grinding process.

In Figure 5, the test point with a relatively high thermo-mechanical load is focused
(grinding parameters: normal force F, = 50 N, relative velocity v, = 25 m/s). Again, an
overview STEM image of the lamella and a detailed view with a higher magnification
(Figure 5A) are given. It is obvious that below the platinum protective layer, which is
shown as a bright strip on top of the PCD microstructure, there is an additional dark layer
around point B. An EDX analysis (Figure 5B) was performed, indicating that the layer
mainly consists of carbon (C) and oxygen (O). The oxygen-containing layer was exclusively
located on top of the sample, and no further EDX analysis throughout the lamella detected
any further traces of oxygen. This leads to the assumption that the layer can be considered
an impurity caused during the sample preparation or handling. Further peaks in the EDX
spectrum can be interpreted as the presence of gallium (Ga) and silicon (Si). This can, on
the one hand, be traced back to the FIB used to cut the lamella, which relied on a gallium
ion beam. On the other hand, the silicon detections, together with the oxygen detection,
lead to the assumption that the impurity layer was a ceramic phase. Additional EDX
analyses of the vitrified grinding wheel bond used in the grinding process showed that
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the bond contained large amounts of silicon and oxygen as well. Therefore, the impurity is
considered a fragment from the grinding wheel bond, introduced during grinding, and its
occurrence is neglected for the further analysis and any conclusions made regarding the
PCD. The analysis of the STEM-DF image of the lamella led to similar findings compared to
the analysis of the sample ground at a low thermo-mechanical load and the analysis of the
reference sample. The intensity and recognition density of these findings within the area of
the lamella was greater than for the sample ground at the lower thermo-mechanical load.
Examples for the identified phenomena are shown in Figure 5A, such as intercrystalline
cracks and diamond grains with signs of internal stresses.
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Figure 4. STEM/EDX analysis of the sample ground with a low thermo-mechanical load. (A) detail
view of the marked area within the lamella; (B,C) EDX analyses of the marked points within the

detail view.
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Figure 5. STEM/EDX analysis of the sample ground with a high thermo-mechanical load. (A) detail
view of the marked area within the lamella; (B) EDX analysis of the marked point within the lamella.
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When comparing the STEM analyses of the reference sample to the sample ground at a
low thermo-mechanical load, it becomes obvious that no additional phenomena, especially
no signs of additional thermal or mechanical material removal mechanisms, can be seen
in the crystallographic structure of the samples. Moreover, the intensity and number
of the present defects, such as intercrystalline cracks, dislocations in both phases, and
internal stresses in diamond crystals, have increased over the grinding process. As these
phenomena can be mainly attributed to mechanical load, and the EDX measurements did
not indicate the occurrence of any thermally induced phenomena, the load collective during
the grinding process appeared to be mechanically dominated.

An increased process load, introduced through an increase in both normal force Fp
and relative velocity v, by approximately 67% between the samples in Figures 4 and 5,
did not lead to the detection of thermal conversions within the EDX analyses either. The
only oxidative process whose existence was presumed was not validated by multiple
occurrences throughout the sample but was instead deemed a local phenomenon between
the PCD microstructure itself and the platinum layer. It can therefore be attributed to the
sample preparation or handling rather than the grinding process. The mechanically caused
findings increased further in their prevalence. As a consequence, it can be concluded
that the sample ground at the higher thermo-mechanical load was subjected to a higher
mechanical load, while the thermal share of the load collective remained irrelevant.

The comparison of the samples summarized above implies that the grinding process
of PCD with water-based cooling lubricants is strongly mechanically driven rather than
thermally. This assumption is highly supported by the previous simulative study of the
process conducted in [16]. Together with the findings from the earlier single-grain contact
experiments [14], the grinding tests [15], and the TEM analyses in the present study and
the findings from the simulation [16], an explanatory model for the grinding process of
PCD with a water-based cooling lubricant is developed in the following paragraphs.

Schindler and Vits already presented explanatory models for the material removal
mechanisms in the PCD grinding process and discussed the grinding wheel wear during
grinding PCD with oil as a cooling lubricant. Both used comparable experimental ma-
terials, such as PCD and grinding wheel specifications, indicating that their results are
generally comparable to the findings from the present work. Nevertheless, there are crucial
differences between the works that lie in the process kinematics and the cooling lubricant
type. Schindler’s work presented his assumption of partially thermal material removal
mechanisms. Furthermore, he stated that the material removal mechanisms change with a
certain load limit, even leading to different roughnesses of the ground surface [7]. Vits, to an
extent, disagreed with Schindler with regard to the material removal mechanisms relevant
for the PCD grinding process, which he attributed to different experimental conditions and
parameters in his work [8]. The present work differs from both the studies of Schindler and
Vits when the process kinematics and the cooling lubricant are considered. For example,
Vits investigated a track-bound grinding process with oil as a cooling lubricant [8], while
the present study takes a force-bound grinding process with a water-based cooling lubricant
into account. As a consequence of these differences, no previous explanatory model for the
material removal mechanisms is directly applicable. Nevertheless, the model by Vits can
serve as a structural basis for the explanatory model to be developed in this work.

Vits stated that after the first contact of the grinding wheel and the PCD workpiece,
cracks are initiated and grow in both an intercrystalline and transcrystalline manner. After
further strokes in the track-bound grinding process, the cracks propagate into the ma-
terial, causing a weakening of the microstructure and the breakout of several diamond
grains [8]. This aligns well with the results of the present study, as intercrystalline cracks
were frequently found in the TEM images, especially between a diamond grain and an
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underlying cobalt inclusion. The prevalence of this material removal mechanism increased
with an increasing mechanical process load. Furthermore, some cracks were detected at
diamond-diamond grain boundaries.

Vits attributed the observed intercrystalline cracks to two possible explanations. He
assumed that the cobalt phase is exposed to a larger elastic deformation in the areas loaded
by a diamond abrasive grain than a PCD diamond grain. Thus, shear stresses are introduced
into the grain boundary between diamond and cobalt. In addition, Vits highlighted the
thermal expansion coefficients of diamond ag4;, and cobalt ac,, which differ by a factor
of 4.5 to 8 and cause internal stresses when the PCD structure is exposed to elevated
temperatures. It should be noted that Vits already assumed that the thermal process
loads have a minor influence on the material removal mechanisms than the mechanical
process loads when grinding with oil as a cooling lubricant [8]. In the experiments [15] and
simulations [16] previous to this study as well as the experiments in the present study, even
lower temperatures were found than in the investigations of Vits. Especially, all measured
temperatures were far lower than the conversion temperatures of the diamond phase
within the PCD, which are generally higher than 575 °C [8]. Additionally, no clear signs
of any thermally induced phenomena were identified in the TEM analysis. Hence, it can
be assumed that the material removal in the grinding process of PCD with a water-based
cooling lubricant is close to exclusively mechanically driven. Therefore, Vits’s explanation
regarding shear stresses in the diamond-cobalt grain boundaries is considered transferrable
to the present explanatory model, while his explanation referring to the thermal expansion
coefficients «; is considered not transferrable.

In the TEM analysis presented above, some diamond grains showed signs of internal
stresses and dislocations. Nevertheless, transcrystalline cracks were rarely detected in this
study. Although some occurrences of shattered diamond grains are to be noted, for which
previous transcrystalline cracks can be considered a possible cause, the transcrystalline
cracks appear to be less prevalent than in Vits’s investigations. Vits cited thermal alternating
loads as a possible cause for the intercrystalline cracks [8]. In light of the same background
as described above with regard to the intercrystalline cracks, these loads can be ruled out
as a cause for the transcrystalline cracks and the shattered diamond grains in the present
study. It can be assumed that the lower prevalence of transcrystalline cracks in this study
compared to the experiments by Vits is due to the lack of the share of cracks initiated by
thermal causes.

The diamond grain breakouts directly at the surface, as described by Vits [8], were
not obvious in any of the TEM images analyzed for the present work. Therefore, it can
be concluded that abrasion is a more dominant mechanism for the PCD grinding process
with a water-based cooling lubricant. According to Vits, exceeding a certain limit process
load is a necessary prerequisite for the increased occurrence of grain breakouts [8]. This
finding is congruent to the explanatory model of Schindler, who also investigated the
material removal mechanisms in PCD grinding with oil as a cooling lubricant. He came
to the conclusion that a critical area-specific normal force F”},, in the grinding process is
required to initiate the grain breakouts. Below this critical value, according to Schindler, the
material removal is mainly thermally driven. The diamond grains undergo a graphitization
and burning process, drastically decreasing their hardness and therefore leaving them
in a state in which they are easy to remove for following abrasive grains. The result is a
smooth-ground PCD surface with little to any diamond grain breakouts [7]. Although Vits
agreed with the observation described by Schindler, he stated that in the parameter range
he investigated, thermo-physical phenomena do not seem to be the cause [8]. The present
study’s conclusion follows this assertion by Vits, as thermally induced phenomena can be
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excluded from the explanation, and microscopic abrasion processes are identified as the
main cause for the smooth surfaces.

The data acquired through the present work proved insightful with regard to the
material removal mechanisms during the grinding of PCD with a water-based cooling
lubricant. According to the described comparison between the results of Vits [8] and
Schindler [7], along with the results of the present work, an explanatory model for the
material removal mechanisms in PCD grinding with water-based cooling lubricants was
derived based on the explanatory model of Vits [8]. Figure 6 graphically displays a summary
of the identified material removal mechanisms for the grinding process of PCD with a water-
based cooling lubricant. Figure 6A shows a depiction of the initial state of a PCD workpiece
with protruding diamond grains, diamond grains situated below the surface, and cobalt
inclusions around the diamond grain. Figure 6B illustrates the condition of the PCD after
the grinding process with a water-based cooling lubricant. Herein, intercrystalline cracks
at the diamond-—cobalt interface were identified as the most frequent material removal
mechanism. Intercrystalline cracks at the diamond-diamond grain boundaries, meanwhile,
are classified as a material removal mechanism of average rate of occurrence, alongside
dislocations in diamond grains and shattered diamond grains. Voids at the PCD surface
and transcrystalline cracks were considered as rarely occurring mechanisms.

Initial state
N ’_[

Protruding Cobalt
diamond grains inclusions

ﬂ After grinding

with a water-based cooling lubricant

Void due to broken-out Transcrystalline
diamond grain crack
i Relative
velocity v,

ax

Dislocations Shattered Intercrystalline

in diamond diamond crack at
interface

I

I

I

| grains grains diamond/cobalt
I

I

l

Intercrystalline crack at
diamond/diamond interface

Comparative rate of occurence:

rare average frequent

Figure 6. Explanatory model for the PCD grinding process with water-based cooling lubricants based
on the explanatory model by Vits for the grinding process with oil as a cooling lubricant [8]. (A) initial
state; (B) state after grinding with a water-based cooling lubricant.
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3.2. Grinding Wheel Wear

The following paragraphs comprise the main results of the track-bound grinding
experiments. Thereafter, an explanatory model for the grinding wheel wear is derived.
As a macroscopic wear indicator, the grinding ratio G was calculated. It is defined as the
quotient of the material removal V,, and the grinding wheel wear volume V. Due to this,
a high grinding ratio G attributes to sharp and efficient cutting behavior of the grinding
wheel. In Figure 7, a main effect diagram for the grinding ratio G is displayed. At an
increased material removal Vyy, the grinding ratio G was reduced. It can be assumed that a
less sharp grinding wheel topography caused this effect, which will be further assessed in
the following microscopic wear analysis. Since an increased depth of cut 2. and a decreased
relative velocity v, both lead to an increased grinding ratio G, it can be assumed that high
chip thicknesses /i, are beneficial for an efficient cutting process, as also found by Vits [8],
for example. Low chip thicknesses /i, as well as high cooling lubricant concentrations x
assumably lead to a slippage effect between the grinding wheel and the PCD workpiece,
decreased the grinding ratio G and increased abrasive grinding wheel wear.

Grinding ratio G [-]

0.07
0.06 1
0.04 -1
0.03 1
0.01 -

0.00

728 N T N

3 5 7 10 15 20 1 3 5
Depth of cut a, [um] Rel. velocity v, [m/s]  C.I. concentration x [%]
Material removal V, [mm3] 0.0445 A 03560

Figure 7. Main effect diagram for the grinding ratio G as a function of the process parameters and
the cooling lubricant concentration.

The microscopic evaluation of the grinding wheel wear provided further insight into
the present wear mechanisms, which enabled the confirmation and extension of the above-
mentioned explanatory approaches to the grinding wheel wear. A representative example
for an LSM image series is shown in Figure 8. The same section of the grinding layer is
displayed after the dressing process and at the material removal stages also used in Figure 7.
The grinding wheel wear mechanisms identified are marked within the images.

The key findings from the analysis of all produced images together with the macro
wear analysis include the reduction in grain breakouts, grain flattening, and grain breakage
with an increased depth of cut g, and thus increased grinding ratio G. Furthermore, the
clogging of pores intensified with an increased relative velocity v,e], presumably with the
cobalt phase of the PCD workpieces, leading to a decreased grinding ratio G. The abrasive
wear was identified as a dominant wear mechanism, which resembles the results of Vits
for the grinding of PCD with oil as a cooling lubricant [8]. No signs of thermally induced
grinding wheel wear were found within the images.

Static topography parameters were deduced from the three-dimensional LSM images,
as shown in Figure 9. The mean arithmetic height Sa dropped quickly within the initial
wear of the grinding wheel, followed by a slow and continuous wear behavior towards
higher material removal V. The reduced valley height Svk and reduced peak height Spk
decreased initially and increased again at later wear states, leading to the assumption that
the wear mechanism of grain breakout did not entirely end after the initial wear phase, but
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was rather reduced to a smaller extent. Therefore, new and sharp cutting edges came into
contact with the workpiece. This self-sharpening effect was similarly observed by Vits [8].
The peak material volume Vmp decreased continuously. This can be explained through
abrasive wear of the grinding wheel throughout the grinding process.

0.3560 mm3

¥
-« »

Vitrified

= 0.0445 mm?

Grain breakout
Grain flattening

Grain breakage
Bonding decline

Clogging

Ve = 15 m/s

Figure 8. Qualitative grinding wheel micro wear analysis.

! Spk [um]

Mean arithmetic height Sa Reduced valley height Svk

7.80 p 17.60
‘T 7.73 1 g 17.25 -
= 7.65 1 = 16.90 A
O 7.58 - @» 16.55 -
7.50 T T T 16.20 T T T
0.0 0.1 02 03 04 0.0 0.1 02 03 04
a Material removal V,, [mm3] b Material removal V,, [mm3]
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Figure 9. Quantitative grinding wheel micro wear analysis. (a) Mean arithmetic height Sa; (b) Re-
duced valley height Suvk; (c) Reduced peak height Spk; (d) Peak material volume Vmp.
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The results of the macro and micro wear analysis presented above have subsequently
been used to deduce an explanatory model for the grinding wheel wear mechanisms while
grinding PCD with a water-based cooling lubricant. During the initial wear of the grinding
wheel after the dressing process, the wear mechanisms of bonding declined, and grain
breakage and grain breakout were found to be dominant. This led to the changes in the
static topography parameters displayed in Figure 9 and thus to the early decrease in the
effective roughness depth of the grinding wheel. Within the following continuous wear
segment, the effective roughness depth decreased further but at a lower rate than before
because the dominant wear mechanisms were abrasive wear and clogging of the grinding
wheel. These findings are summarized in Figure 10.

Pores

Protruding breakage
diamond grains

Initial state u Onset wear state

EIcll Bonding decline  Grain breakout

Bonding T
P | ,Q

I_*

Worn-out state
Grain flattening

Comparative rate of occurence: Reduced valley height Svk 1

Clogging Mean arithmetic height Sa ||

1—l Reduced valley height Svk |

Reduced peak height Spk |
Peak material volume Vmp |

Mean arithmetic height Sa |

o Reduced peak height Spk 1
average frequent Peak material volume Vmp |

Figure 10. Explanatory model for the PCD grinding process with water-based cooling lubricants.
(a) initial state; (b) onset wear state; (c) worn-out state.

4. Conclusions

The present work aimed to develop explanatory models for the PCD grinding process
and the related grinding wheel wear with water-based cooling lubricants. Therefore, exist-
ing explanatory models of the PCD grinding process valid for grinding with oil as a cooling
lubricant were considered as well as novel experimental and numerical investigations. The
TEM analysis of ground workpieces presented in this study underlined the conclusion that
no thermal material removal mechanisms need to be taken into account for the explanatory
model. Consequently, a model was constructed that explained the grinding process of PCD
with a water-based cooling lubricant through mechanical material removal mechanisms.
The model was based on the explanatory model by Vits for the grinding of PCD with
oil as a cooling lubricant. Vits’s model, similarly to the model resulting from the present
study, is built upon the finding that mechanical material removal mechanisms dominate
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the grinding process. Nevertheless, Vits did not fully exclude the possibility of thermally
induced material removal mechanisms in grinding PCD with oil as a cooling lubricant [8].
This assumption can be made for grinding PCD with a water-based cooling lubricant,
following the results of this work. The explanatory model according to Schindler [7] proved
not applicable within the parameter range and under consideration of the experimental
materials used. For the grinding process of PCD with water-based cooling lubricants, it can
be summarized that the primary material removal mechanisms are intercrystalline cracks
at the diamond-—cobalt interface as well as, to a lesser extent, at the diamond-diamond
grain boundaries. Dislocations in diamond grains and shattered diamond grains were also
deemed relevant, while diamond grain breakouts and transcrystalline crack formations
were only rarely detected. The further analyses performed to explain the grinding wheel
wear mechanisms showed that a division of the wear behavior into initial wear and con-
tinuous wear needs to be made. In the initial wear segment, bonding decline as well as
grain breakage and grain breakout were dominant. In the continuous wear segment, grain
flattening and clogging were found to be the most important mechanisms.

Novel findings within this study include the TEM analysis of PCD samples ground
with a water-based cooling lubricant and the subsequent explanation of the material re-
moval as well as the development of an explanatory model for the resulting grinding wheel
wear. While research deficits concerning these aspects were closed, further potential for
advanced studies on grinding PCD with a water-based cooling lubricant were identified.
They can take different water-based cooling lubricants into account. This will further
contribute to the understanding of the process, as structural differences in the application
behavior of solutions and emulsions or different solutions among each other can be ana-
lyzed. Residual stress-mapping techniques can be adapted to suit PCD workpieces and
thus used to gain further insight into the application behavior of different cooling lubricants.
In the future, the explanatory models from this work as well as the referenced previous
and above-mentioned advanced studies will serve as a basis to enable a knowledge-based
process design for the industrial application.
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