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Introduction

Steady material innovations for automotive and aerospace com-
ponents in particular have driven the innovation of tooling tech-
nology. A tendency toward diamond cutting tools could be shown
for tool materials. Many cutting tools are equipped with PCD
inserts due to its outstanding performance [1,2]. However, the
challenge comes with the machining of PCD. After sintering,
PCD round blanks are cut into tips either with laser ablation or
electro discharge machining [3]. Subsequently, the tips are brazed
onto carbide inserts. The most common finishing technology for
these tools is grinding, which provides a high surface quality and
thus a long tool lifetime especially at the cutting edge. However,
the impacting grains ought to be harder than the material that
needs to be ground. Diamond is the hardest natural material
known on earth, which is just outperformed by synthetic fuller-
enes. The xnoop hardness of PCD is given with 50 Gpa and
thereby reaches almost the range of diamond with 57-104 Gpa.
Hence, only diamond grinding wheels are applied in PCD grind-
ing [4]. Low material removal rates and high tool wear are the
consequences that influence the cost factor in PCD tool manufac-
turing negatively, especially from the sustainable perspective [5].
Especially, in grinding diamond, the material removal mecha-
nisms are not completely understood. Thus, reliable process mod-
els for a better understanding of the PCD grinding process are
missing. This still limits the improvement of the process and
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facture. Regardless, there is still lack of process knowledge about the occurring material
removal mechanisms in PCD grinding. In order to get a better understanding of the process
characteristics, the surface integrity zone of PCD inserts has been analyzed in detail after
grinding for the first time. The drawn conclusion questions solely ductile or brittle behavior
as removal mechanisms. Both thermal and mechanical process loads during the grinding
process lead to thermophysical and chemical effects on a micro- and mesoscopic-scale and
might thus have a significant impact on the material removal mechanism.
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economical machining. Process design has mostly been done
empirically for the last 500 years [4,6,7].

State of the Art in PCD Grinding

In 1920, Vervoort stated the importance of diamond as the
“hardest, most transparent and most reflective material ever
known” in his book about the “art of diamond grinding.” First try
outs in grinding diamond with diamond grains lead back to the
year 1476 AD when van Bercken cemented the powder of dia-
monds, which he rubbed against each other, to a metallic wheel
and used it for grinding diamonds. He supplied olive oil as lubrica-
tion and set up a grinding process at remarkably high number of
revolutions of the grinding wheel with more than ng,,
=1800 min~" [8]. Even at that time diamond grinders made use of
the fact that diamond is anisotropic due to its crystal structure.
Hence, the machining steps were divided into cleaving, sawing,
rubbing, grinding, and polishing. But since then, the importance of
diamond has shifted not only from its occurrence as jewelry to its
application as tool material but also in its production process,
where nowadays diamonds are not just mined but also synthesized
at high pressures and high temperatures [9].

Even today, grinding diamond materials in case of PCD means
a challenge for all parts, the grinding wheel, the machine and the
process control. PCD shows an isotropic behavior as a result of
the sintering process. Therefore, one cannot make use of the fact
that crystal diamond cleaves easily along the octahedral planes
[10]. These facts lead to low material removal rates and extremely
high values of the grinding wheel wear. Industrial applications
address values for the grinding ratio G from 0.01 to 0.05 [6,11].
Some work has also been done for the combination of laser
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ablation with grinding [12]. Other researchers investigate the
hybrid process of abrasive electrical discharge grinding (AEDG),
but this technology is still not applied in industry [13,14]. How-
ever, most studies focus on the cutting edge formation and neglect
the material removal mechanisms [15]. A better understanding of
the latter might help advancing the manufacturing process.

Removal Mechanisms

In grinding hard and brittle materials, the behavior is signifi-
cantly different from machining ductile materials. Existing mod-
els were developed for ductile or brittle regime grinding but
mostly in grinding much softer single-phase materials [16]. In
PCD grinding, little work has been done in using metallic bonded
diamond grinding wheels [6]. According to kenter, the removal
mechanisms depend on the process kinematics and on the tribo-
logical system. He found attrition wear to be the dominant factor
for material removal. However, the ground PCD surface and swarf
were analyzed in his work:

¢ Neither grooves on the ground PCD surface nor could mate-
rial adhesion be found. Crack formation was observed in
both, diamond grains of the wheel and in the PCD substrate,
which led to micro breakage and hence influences the direc-
tionality of the surface roughness.

* Within the swarf only fragments were found, without indica-
tion for plastic deformation.

* Ductile behavior could not be observed.

kenter came to the conclusion that the process conditions in
PCD grinding are similar to a polishing process due to the
observed removal mechanisms. However, following the grinding
process the subsurface of PCD has never been analyzed.

In polishing PCD, some work has been done in order to
improve material removal rates [17]. Finally Pastewka et al. might
have discovered why it is possible to grind diamond with diamond
[18]. A simulation model for polishing diamond with diamond
grains was elaborated. It showed a good accordance of the esti-
mated material removal values with removal rates after polishing
experiments. According to the model, the interacting diamonds
enforce attrition and internal compressive and shear stresses at the
interacting surface zone. That burden leads to mechanical and
thermal loads at values that might influence the carbon modifica-
tion. Hence, a hypothesis was crafted that these circumstances
enforce local transitions on atomic scale from the carbon modifi-
cation diamond to graphite. Furthermore, the dominating removal
mechanisms were:

* Diamond transitions to the carbon modification of graphite,
diamond grains scratch continuously graphite particles off
the substrate.

* The process loads temperature and pressure force carbon to
react with oxygen to carbon dioxide.

Subsequently, an “amorphous diamond like carbon (DLC)
phase” was supposed to exist, which must occur during the polish-
ing process. However, up to now those DLC layers could not be
observed in situ, because releasing the process loads converts the
layer into graphite or diamond. All discussed material removal
mechanisms in PCD grinding are summarized in Fig. 1.

Experimental Setup

For the investigations on the material behavior of PCD in grind-
ing, a conventional tool grinding machine S22P turbo has been
modified. In order to ensure a firm and vibration resistant hold,
the clamping unit was designed directly onto the SK50 mandrel of
the machine. In face grinding of the PCD inserts, a vitrified cup
wheel D15 was used with oil supplied as lubricant. The rotation of
the grinding wheel was directed toward the cutting edge. Hence,
the diamond grains of the wheel impact the substrate at the edge.
The PCD insert is characterized by a 500 yum thick diamond layer
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having a mean diamond grain size of d =10 um. The PCD layer is
seated on a cemented carbide substrate having a cobalt percentage
of 5.8% by volume. The total insert thickness in finish grinding
was s=4mm. The grinding parameters where derived from
industry values and identified during former investigations and are
listed below, the tool path is illustrated in Fig. 2, top right
[4,6,12,19].

* Cutting speed: v. = 15 m/s.
* Depth of cut: a. =6 um.
* Feed rate: vy, =200 mm/min.

Before grinding, the wheel was dressed by a vitrified bonded
SiC-dressing wheel with mesh 80 mean grain size. Continuous
sharpening was not applied during the grinding process. In grind-
ing, a total stock of @ ges = 100 um was removed.

Analytical SEM Investigation

Following a platinum coating process, surface characterization
was investigated with a scanning electron microscope (SEM). The
characterization (Fig. 2) revealed only little directionality of the
ground surface. This could be proven by roughness measurements
orthogonal, parallel, and diagonal to the grinding direction:

* Mean parallel roughness: Ra=0.041 yum, range Ra=10.038

—0.049 um.

* Mean diagonal roughness: Ra=0.046 um, range Ra=0.039
—0.060 um.

* Mean orthogonal roughness: Ra=0.040 um, range Ra=0.028
—0.043 ym.

For surface characterization a tactile measuring instrument
Hommel T8000 with a cone pin (r;=2um, o« =60deg) and a
measuring length of L; =300 um were used at a repetition rate of
three. However, the surface analysis identified preferential lateral
crack propagation referred to the grinding direction for the use of
a worn out grinding wheel topography. An example of such a
ground PCD surface is given in Fig.2, bottom right (II and III).
Considering alternating loads during the grinding process, mainly
imposed by the impacting grains, lateral cracks are a consistent
material reaction due to its overload. Grooves due to plastic defor-
mation could only be found at the transition zone from PCD to

DUCTILE REGIME

BRITTLE REGIME

mechanical loads lead to
crack formation, enforce
break outs

elastical and plastical
deformation lead to shear
stress and shearing off of
the chip

COMBUSTION TRANSITION LAYER

temperature leads to a pressure and temperature
chemical reaction between enforced a phase transition
oxygen and carbon from diamond to graphite

Fig.1 Material removal mechanisms in PCD grinding
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Fig.2 SEM analyses of PCD flank before and after grinding FIB-preparation, the PCD surface was coated with a tungsten

layer in order to protect the PCD subsurface from premature
carbide (I). In contrary, the ground carbide surface showed visible ~ vaporization through the impacting beam. Lamella P was sepa-
groves, which indicates a ductile removal behavior. rated parallel to the grinding direction, lamella O was separated

orthogonally in order to analyze the influence of the cutting speed

direction on the subsurface. Afterward, the lamellae were ana-
Analytical Transmission Electron Microscope (TEM) lyzed within the scanning TEM (STEM) (Figs. 4-6).
Investigation An overview of the PCD subsurface of lamella O is shown at

o . . ) the top of Fig. 4. Within the PCD zone at the rim of the ground
In order to get an insight into the surface integrity zone, the  ,ra4 several observations could be made:

method of focused ion beam (FIB) preparation was applied. By

using a gallium ion beam, single layers of the surface could be * Regarding the orthogonal grinding direction, the surface
evaporated at atomic scale and cross sections in form of lamellae tends to be rougher than into grinding direction. )

were cut out (Fig. 3). Before and after the grinding experiments, a * The grinding normal force might have provoked an internal
lamella with a thickness of /=300nm and a depth of =6 um sliding of diamond faces orthogonally from the surface into
was taken from the tool flank of one PCD sample. Prior to the the subsurface (II).

* The subsurface can be characterized by many particles that
are pressed between diamond grains from the PCD substrate
into the cobalt catalyzer (III and IV).

For a comparison of the material behavior depending on the
grinding direction and sideways to it, some STEM pictures of
lamella P are illustrated in Figs. 5 and 6.

For lamella P, the following conclusions could be drawn:

* The surface of ground diamonds within the PCD subsurface
is extremely flat. Within the diamond no internal cracks could
be observed. No interim layer of a DLC zone could be found
within the diamond on the observed scales (I).

* At certain areas in vicinity of two diamonds, internal stresses
of the diamond could be identified which may be caused by
the sintering process or by the mechanical process loads in
grinding. However, they show a slight directionality toward
the grinding direction (II).

* Furthermore, some swarf consisting of tungsten carbide from
the insert face was found (III).

* At highest magnifications, small cracks within the diamonds

Fig. 3 PCD lamella after FIB-preparation could be found as well as some indication for internal stresses
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tungsten coating layer
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grinding

direction
particles

diamond grain

Co-catalyzer 1 pm

W, Co, C
and Cu particles

Fig. 5 STEM picture of the PCD subsurface for lamella P, after
grinding

which might originate from plastic deformation on a nano-
scopic scale (V).
e The gaps between diamonds at the surface area got indented
with diamond particles. These clogging microparticles could
be from the impingement of worn diamonds from the dia-
mond wheel or the micron sized inclusions originate from
removed PCD material.
Magnification VII in Fig. 6 shows a HRTEM picture (high
resolution TEM (HRTEM)) of the carbon and swarf particles
above a PCD diamond close to the surface. HRTEM enables
analyses of crystallographic structures of single phases on

DLC and trubo-
stratic graphite
(sp*-C and sp*-C)

iamond

10 nm

Fig. 6 HRTEM magnification of the transition zone at the PCD
subsurface
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atomic scale. This indicates certainly a phase transition from
diamond to other carbon modifications. Other researchers
have found DLC and turbostratic graphite to build similar
wave like carbon structures [20-25]. Turbostratic graphite is
a disordered mixture of diamond (sp®) and graphite (sp)
clusters.

Conclusions

The mechanisms which were identified by kenter could be con-
firmed to some extent [6]. Traces for plastic deformation within
the PCD subsurface only occurred on a nanoscopic scale. Ductile
regime grinding could not be proven to occur on the microscopic
scale of the mean diamond grit size of the PCD material during
the process. However, diamond grains within the PCD substrate
were ground and an extremely fine surface roughness was created.
Evidence for cracks within the diamonds could hardly be found.
These effects lead to the question how comparatively big diamond
grains at the surface layer could have been shaped in the described
manner. A possible drawn conclusion supports pastewka’s hypoth-
esis of physical and chemical effects that precede transitions of
the carbon modification on atomic scale [18]. Between diamond
grains of the PCD subsurface a DLC zone and turbostratic graph-
ite was found. This might be a proof for ongoing carbon phase
transitions during PCD grinding. If thermophysical effects enforce
atomic graphitization on both sides, at the grinding wheel and at
the PCD substrate, specifically designed processes that push the
thermal and mechanical process loads from the wheel toward the
substrate might improve the efficiency of the process. Neverthe-
less, crack formation at the subsurface must be avoided. Accord-
ing to pierson, diamond and graphite are allotropic modification
phases of carbon. Thus, both structures may exist for the same
condition of aggregation [9]. Diamond is metastable for normal
conditions anyway. The transition needs just activation energy for
proceeding. However, the strategy of transforming diamond into
graphite has just never been followed because it was never of an
economic interest. If it could be controlled precisely, it might be
interesting in future. In further investigations the influence of
different grinding parameters will be analyzed focusing also on
carbon phase transitions.
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Nomenclature

a. = depth of cut
Qe ges = total stock removed
d = mean grain size
DLC = diamond like carbon
FIB = focused ion beam
G = ratio between ground material volume and worn
grinding wheel volume
HRTEM = high resolution transmission electron microscopy
| = lamella thickness
L, = measuring length
gy = number of revolutions of the grinding wheel
PCD = polycrystalline diamond
1y = cone pin radius of the surface measuring device
Ra = mean surface roughness
s = insert thickness
sp2 = graphite carbon hybridization
sp> = diamond carbon hybridization
STEM = scanning transmission electron microscope
t = depth
TEM = transmission electron microscope
V. = cutting speed
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Vwp = feed rate
o, = cone pin angle of the surface measuring device
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