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Abstract
The manufacture of molds with increasingly shorter deadlines and costs requires tool manufacturers to improve their manufactur-
ing processes. One of the ways is improving their electrode machining, because this process will affect directly in the result of the
dimensional precision and production time of themold. The usage of graphite as rawmaterial for electrodes is known to be highly
satisfactory since the graphite has the advantage of machining faster and allowing a great variety of geometrical forms; however,
its main disadvantage is that the graphite also has a high level of wearing during the machining process. The cutting-edge
preparations are used in order to reduce the effects of this problem, increasing the durability of the tools. In that interest, this paper
has researched the effect of edge preparations, through the polishing of the PCD coating, on the wear of tools, in milling of
graphite electrodes. Therefore, experimental tests were performed with untreated and polished tools, with abrasive brushes, and
by drag finishing. The tests consisted in machining electrodes with analysis of tool wear, roughness, and characterization of the
tools. The findings indicate that the edge preparation results inmodifications on the coating surface, reducing the roughness value
by a mean of 23%, and in the case of drag finishing process, a variation of the values reduction, since this process is more reliable
and reproducible. With regard to the tools’wear, gains such as reduction of flank wear and a cutting length increase of up to 63%
were noticed, in comparison with the original tools.
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1 Introduction

The main processes used to manufacture a mold are milling
and electrical discharge machining (EDM). By EDM process,
the electrode’s machining is one of the most critical phase due
to the need for dimensional accuracy, surface quality require-
ments, and the amount of time spent in its production. This
high exigency exists because the electrode is the tool used by
EDM. Overall, the majority of electrodes is made of copper or
graphite. The graphite is gradually taking up space in the
tooling industry since it is considered faster and easier to ma-
nipulate for machining and it also has higher material removal
rates by EDM process when compared with copper.

According to several authors [1–5], when milling graphite,
the cut happens by a rupture process on the structure instead of
plastic deformation; this happens due to its polycrystalline
structure. The cutting region crushes the graphite right at the
face of the tool cutting edge, while the tool is moving through
the material. This process forms small particles that result in a
graphite powder, rather than chips, like the type that occurs in
the machining of metals.

For Klocke [1], Almeida et al. [6], Cabral et al. [2], and
Schroeter et al. [7], the dominant wear mechanism on the
graphite machining is the abrasion, which occurs due to the
friction of the ultrafine powder flow; this can also be verified
by a comb-shaped wearing. This type of wear occurs both in
the tool’s primary flank as in its flank face.

Carbide tools with polycrystalline diamond (PCD)
coating are commonly used to increase the performance
of cutting tools, due to its great hardness (80–100 GPa),
low friction coefficients (0.04–0.1), and low adhesion [8,
9]. These characteristics make tools more expensive,
compared with the standard tools used in the machining
of common steels.
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The improvement of these tools, with the purpose to in-
crease their life and reduce the quantity of setups in the ma-
chines, is one of the solutions found in the companies. As an
example of the importance of these improvements, according
to Zeilmann et al. [10] and Bhattacharyya et al. [11], failure of
tools, as wear and break, represents about 20% of the down-
time of a machine tool.

Although PCD coating has prominent properties, it has
non-uniform grain sizes, random orientation of crystals, and
high surface roughness which can be improved through the
cutting-edge preparations [12–14]. Some studies, such as
Bouzakis et al. [15] and Denkena and Breidenstein [16], show
that these treatments help to achieve a better cutting perfor-
mance due to improved cutting stability and reduction of
cracks in the cutting tool edge.

The cutting-edge preparations most applied in finishing
tools are polishing with abrasive brushes and the polishing
method with drag finishing, since these are treatments that
obtain an enhancement in the coating and have a simpler

application [17]. The polishing with abrasive brushes is used
in applications that demand specific requirements for edging
and surface finishing. During the polishing process, new abra-
sive grains of nylon filaments are constantly exposed as the
wear progresses. This provides a consistent polishing action
over the brushes lifetime [17, 18].

The drag finishing process has the characteristic of immers-
ing the tool in an abrasive media. This media contains ceramic
elements with known granulometries, used according to the
polishing required [19]. The material removed is the result of
relative movement between the tool and the abrasive media,
which occurs due to the impact and contact of abrasive grains
on the tool surface [20].

Considering the information shown before, regarding the
cutting-edge preparations and the limited literature for the im-
provement of graphite machining, this study has the objective
to evaluate the influence of the cutting-edge preparation,
through the polishing of the PCD coating, using abrasive
brushes and drag finishing. Furthermore, the use of cutting-
edge preparation after deposition of PCD coating with high-
speed cutting in graphite machining is the main contribution
of this paper.

2 Material and methods

In this study, BC-15 graphite blocks from Tokai Carbon were
used for the machining tests. The main physical properties of
this material are shown in Table 1.

The tools used in the experiments were carbide tools of 8-mm
diameter with total length of 100 mm, two edge, and PCD

Table 1 BC-15 graphite physical properties

Properties Parameters

Density (g/cm3) 1.85

Average grain size (μm) 7

Hardness (shore) 66

Electrical resistively (μohm.m) 12.5

Tensile strength (MPa) 66

Tokai Carbon [21]

Fig. 1 Details from the (a) abrasive brushes polishing method and (b) locations of tool roughness checks
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coatings. All tools had a helix angle of 30°, the exit and inci-
dence angle of 10°, a corner radius of 0.5 mm, and edge radius
of 20 μm. The fixation of the tools happened through a Shrink
Fit Chuck, of Haimer brand, of a HSK-E40 fixation model, with
a g2.5 balancing, which assures a maximum run-out of 3 μm.

The tests were carried out on a Röders CNCmachine, RXP
801 model with the maximum spindle speed of 42,000 rpm,
15 kW, and a maximum advancement of 60,000 mm/min.

To carry out the analysis and measurement of the flank
wear on the tests, the optical measurement system and the
Duo Video Swift from the brand Vision Engineering were
used, these systems have a colored CCD video camera with
640 × 480 pixels resolution, 1 μm encoder resolution, and a ×
100 maximum zoom.

The roughness measurements were performed with the
portable surface roughness tester, Surftest SJ-201P
Mitutoyo model, which has a measurement capability of
Rz of 0.02 to 350 μm with a diamond tip and measuring
force of 4 mN.

The polishing with abrasive brushes was carried out at the
university, in the same polishing conditions as OST [22]. The
sponge was fixed in a mini pneumatic manual grinding with a
speed of 25,000 rpm. This mini grinding was fixed on the
table in a machining center. Figure 1 a illustrates how the
polishing procedure occurred. The tool was assembled in a
clamp in the machining center at a speed of 50 rpm in the
direction opposite to the tool cut and feed (f) of 0.04 mm.
The sponge was at an angle of 30°, because this is the tool
helix angle. The process time was 5 min.

The drag finishing process was performed at Lesi Tools
Company, with an abrasive media HSC 1/300, indicated to ob-
tain high surface quality, approximately 0.5 Rz, and for polishing
process in coated tools [23]. The abrasive media and the drag
machine used in the polishing process are from Otec. The media
used consist of a mixture of 30% silicon carbide (SiC), with a
grain diameter of 200 μm, and 70% of walnut shells with diam-
eters between 0.8 and 1.3 mm [23]. The rotations of the tool and
machine tree were 40 rpm. The tools remained rotating on the
abrasive media in the cutting direction for 10 min.

The media characterization occurred in the scanning elec-
tron microscope (SEM), where the grains of the abrasive ma-
terial were fixed to a base and covered with a gold layer, due to
technical aspects of the SEM analysis. The magnifications
used were × 200 and × 10,000. An analysis by energy disperse
X-ray detector (EDS) was also performed with the objective
of identifying the substances that constitute the material.

The characterization of the abrasive brushes was performed
in the SEM with × 150 and × 5,000 magnification, in order to
verify the surface and the disposition of the brushes and the
abrasive material. The EDS analysis was also performed.

New samples were used for the media analysis and for the
abrasive brushes, without being used for another purpose, in
order to have no modification in the structures and no contam-
ination with other materials.

Table 2 Planning sequence and order of the experimental tests

Planning sequence Polishing process Order of tests
(random)

1 PAB 4

2 PAB 2

3 PAB 9

4 FD 8

5 FD 3

6 FD 6

7 OS 1

8 OS 5

9 OS 7

Fig. 2 SEM of the silicon carbide
(SiC) grain from the drag
finishing media
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The characterization of the tools was carried out using the
digital microscope, with magnification of × 150, and by SEM,
with magnifications of × 250 and × 2,500. The tools were
positioned in the SEM through a fixation device with position
adjustment for the view of the edge, face, and flank.
Measurements of diameter, helix angle, and edge radius were
performed using the Vision Engineering Swift Duo optical
and video measurement system, which has a colored CCD
video camera with 640 × 480 pixel resolution, 1 μm encoder
resolution, and a × 100 maximum zoom.

In order to evaluate the treatment effects on the tool sur-
face, roughness measurements were performed in the flank
region, close to the main cutting edge, according to Fig. 1 b.
The cutoff (λc), chosen for the measurements, was 0.25 mm,
because, even though the roughness values Ra are higher than
the normal working range, the total measurement length

makes the measurement with an impossible upper cutoff,
since the tool’s propeller profile is curvilinear and superior
to the maximum curvature allowed by the roughness tester.
For the measurements, three reproductions were used for each
analyzed region, two regions per tool, representing six values
of roughness, a total of 18 measurements for each tool
treatment.

With the objective to characterize the graphite and qualita-
tively analyze the surface of the graphite, images were taken
by SEM on two surfaces of a graphite workpiece. The graphite
block was fractured in half so that it was possible to check the
surface without the influence of the milling. Another surface
was machined, so that it was possible to verify the changes in
the material basal planes due to the machining. This charac-
terization aims to aid in the understanding of the high abrasive
power of the material because of the differences of resistance

Fig. 3 Media EDS analysis

Fig. 4 Detailed view of the
polishing brush (adapted from 17)
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in the structural bonds of the graphite. Due to this purpose,
machined surface analysis was performed only with the orig-
inal milling cutter.

All tests were carried out on a real production of electrodes,
because experimental time was long. The tests only occurred
during the rough steps of the electrodes, as a result of the
greater ease of standardizing the cutting parameters and the
possibility of removing more material. The parameters were
defined according to the technical catalog of the manufacturer
and the execution of a previous test considering high param-
eter levels, verifying the tool wear, the behavior of the ma-
chine, and the graphite block.

In order to understand the tools’ wear presented and to
reduce the number of variables influencing the machining
process, some parameters were kept constant. The machining
strategy used was concordant with a cutting speed (vc) of 700
m/min, feed rate (fz) of 0.2 mm, axial depth (ap) of 0.7 mm,
and lateral depth (ae) of 4 mm.

For the execution of this work, two edge preparation pro-
cesses were used: the polishing with abrasive brushes (PAB)
and the finishing by drag media (FD). For the tests, the tools
were also used in their original state (OS), in order to verify
the influence of the edged treatments on their life cycle. In
order to increase the reliability of the results, for each test,
two replicates were performed, totaling 9 tests. Table 2 shows
the planning sequence and order of the tests. The order in
which the tests were performed was random for better statis-
tical reliability.

As an output variable of the test, tool wear was verified by
measuring maximum flank wear (VBmax) at every 200 m of
machining. This machined length measurement occurred
through the machining center software which reports the ma-
chined length per tool. The tests were conducted until one of
the end-of-life conditions had been reached; the conditions for
this end-of-life were of a maximum flank wear of 0.2 mm or
the chipping of the tool.

Fig. 5 Brush EDS analysis (adapted from 17)

Fig. 6 Dimensions of diameter, helix angle and corner radius of the tools
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The Fischer’s test was applied with the purpose of com-
paring the pairs of means and verifying if there was or if
there was not a difference in the values obtained. A

significance level of “α” of 1% was used. The definition
of the sequence for the tests was made to avoid the influ-
ence of other factors that could not be controlled.

Fig. 7 SEM analysis of tool surfaces with different treatments: (a) original state - OS; (b) polishingwith abrasive brushes - PAB; and (c) finishing by drag
media - FD

Fig. 8 Tools roughness values: (a) Ra roughness; and (b) Rz roughness

2584 Int J Adv Manuf Technol (2020) 108:2579–2593



3 Results and discussion

3.1 Drag finishing media characterization

The media analyzed, known commercially as HSC 1/300
(from OTEC GmbH.), consist of walnut shell grains of homo-
geneous size and silicon carbide grains (SiC). The majority of
the silicon carbide grains has acute angles with average size of
300 μm, which, according to Tikal [24], are recommended for
improvement of the finishing and removal of droplets.
Figure 2 shows the image of the profiles of the silicon carbide
grain (a) and a detail view of the silicon carbide grain (b).

In order to confirm the material of the abrasive media, an
X-ray energy spectrometry dispersive (EDS) analysis was per-
formed (Fig. 3).

According to EDS analysis, the main chemical element
presented in the media, without regard to the walnut shell
grains, is silicon, which corroborates with the media manufac-
ture’s information that the material is silicon carbide.

3.2 Abrasive brushes characterization

With the characterization of the abrasive brushes material
through the SEM, according to Fig. 4, it is possible to observe
the geometry, construction, and shape of the abrasivematerial.
On the left image of Fig. 4, it is possible to identify in a more
macro way the structure of the sponge (a), which consists of a
wire mesh of approximately 50-μm diameter with an abrasive
material adhered. On the image to the right (b), it is possible to
observe in a more focused way the crystals of the abrasive
material, which present themselves in varying dimensions,
going from approximately 1 to 10 μm, with a fragmented
appearance.

An analysis by EDS was carried out in order to define
which materials compose the brush, according to Fig. 5. By
technical aspects of the analysis, the materials were covered
by gold.

The first analysis of the spectrum 1 region was performed
at the place where the fiber is exposed. In this position, the
analysis supports that the fiber is basically carbon, which val-
idates the sponge manufacturer’s claim to be nylon. The sec-
ond analysis performed in the spectrum 2 region was made
where the abrasive material was deposited. The result indi-
cates a high concentration of silicon, which may probably
characterize a silicon carbide material. Both characterizations
demonstrate the use of silicon as an abrasive material in the
processes of drag finish and abrasive brushes, being that its
differential is the form of the polishing process application.

3.3 Tools characterization

With the purpose to map and validate the tools for the tests,
removing possible defects, the tools were characterized in two
ways. The first one was the macrogeometric form, measuring
the dimensions of diameter, helix angle, and corner radius of
the tools, and the second one was the superficial form, through
the roughness and the images obtained by SEM. The

Fig. 9 Fischer analysis of roughness values

Fig. 10 Coating condition and
thickness
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geometric macrocharacterization, as visualized in the boxplot
graphs, Fig. 6, brings the data to a sample of the tools.

These data indicate that the tools have similar dimensions,
the average diameter being around 7.98 mm, the helix angle
around 30.20°, and the corner radius in 0.52 mm. Two tools
had outlier values, one with respect to the diameter, which was
7.94 mm, and another with respect to the helix angle; this one
presented the value of 30.30°. These two tools were discarded
and were not used in the experiments, since this variation may
be due to a manufacturing defect and could alter the testes
results.

With respect to the tool surface characterization, Fig. 7
shows a view of the tools’ edge surface with the three process-
es: original state (OS), polishing with abrasive brushes (PAB),
and finishing by drag media (FD). Looking at the images of
Fig. 7, it is possible to distinguish the results from the different
cutting-edge treatments: original state (a), abrasive brushes
(b), and drag finishing (c). The original tool (OS) presents
the PCD crystals with an apparent larger width with an aver-
age of around 2 μm.

In the image of the original tool, it is also evident that the
PCD crystals have a growth orientation perpendicular to the
surface of the tool. The topography in the original tool resem-
bles the analyses performed by Ralchenko et al. [12] because
the diamond grains have well-defined faces and edges with
more acute corners. This characteristic, according to Klocke
and König [1], means that the resistance to abrasive stresses in
the machining process is not so high when compared with
rounded edges.

Looking at Fig. 7, the tool that has undergone the polishing
process with abrasive brushes (PAB) presents a reduction
when compared with the original in the measurements of
width of the crystals, less than 1 μm. Also evident is the
reduction in crystal heights compared with the original tool
and loss of clear definition of the edges.

According to Gunnars and Alahelisten [25] and Murakawa
et al. [22], this happens because of the relatively high level of
compressive residual stresses in diamond coatings, usually
caused due to their lower coefficient of thermal expansion
than substrate, being a sintered tungsten carbide alloy, and

Fig. 11 Tools’ wear behavior curves

Fig. 12 Tool wear
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which are responsible for the cracks and breaks of PCD
crystals.

Following the tendency of the tool with abrasive brushes
polishing, the tool in which the drag finishing process (FD)
was carried out showed a reduction in the crystals sizes.
However, this showed a greater roundness of the edges of
the crystals and a smaller definition of their peaks.

With the purpose to highlight the changes promoted by the
cutting-edge treatment and the analysis done through the
SEM, Fig. 8 presents the roughness values Ra (a), and Rz
(b), for the tools with the finishing process by drag finish
(FD), abrasive brushes (PAB), and original tool (OS), per-
formed in the region of the flank near the main tool edge.

The boxplots of the Fig. 8 show that the original tool has
the greatest variation and the highest values of roughness for
both Ra and Rz roughness, which reinforce the analysis per-
formed through the images of Fig. 7 above. The tools with the
drag finish process, and abrasive brushes process presented
statistically the same values of roughness.

The analysis performed through Fischer’s multiple com-
parison test (Fig. 9) corroborates the analysis performed by
the boxplots of Fig. 8, in the first line is the comparison of the
means of the OS tools with the PAB, and in the second line is
the comparison of the means of the tools OS and FD; these
indicate that they have significant differences, since they are
not crossing the vertical line at zero.

Fig. 13 Cutting length (tool life)

Fig. 14 Fischer analysis of
machined length
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The comparison between PAB and FD tools crosses the
vertical line, which indicates that they are statistically similar.

The difference that can be viewed through the graphs of
Fig. 9 is that the drag finish generated a more homogeneous
surface between the tools, since the variation between them
was smaller when compared with the tools with the PAB
process. According to Tikal [24], this lower variation can be
explained because the drag finishing process has more control
over the variables. The thickness and the condition of the
coating layer were also verified through the SEM (Fig. 10).

In the microscope measurements, the mean thickness was
7.3 μm, with a standard deviation of 0.37 μm, which falls
within the thickness range for the PCD coating.

3.4 Tool wear

The tools’ wear behavior curves for the three cutting-edge
treatments were generated (Fig. 11). The measurement points
reflect the maximum flank wear (VBmax) measured in the
tools every 200 m of machined length. Only the first two
measurements were performedwith a range of 100m in length
in order to better identify the first stage of the wear. The three
curves identified in the graph were the result of a test and its
two replicates; these led until the wear VBmax reached the
value of 0.2 mm. As a characteristic of the three curves, the
beginning is accentuated followed by a more stable growth
near linearity.

Fig. 15 Tool wear images
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According to Machado et al. [26], this accentuated begin-
ning is known as stage one―adaptation, which is an adequacy
to the tribological system involved. Following, stage two, sta-
bilization, is the most stable cut phase. None of the curves
entered stage three—catastrophic wear.

Through the analysis of this graph, it is possible to notice
that the wear curves are almost constant. According to Klocke
and König [1], this phenomenon is known as a flank uniform
deterioration phenomenon. According to Zeilmann [27] and
Li [28], this increasing wear behavior is typical.

Through the graph curves, it is possible to notice already in
the first measurements that the original tools (OS) presented a
maximum flank wear greater than the tools with treatment (FD
and PAB). The graph also shows the very similar behavior
between the curves of the tools with the process of finishing
by drag and the process of polishing with abrasive brushes.

However, the tools with PAB treatment demonstrated a
greater variation among the tests, when compared with the
FD process, even though both presented higher performances
than the tools with OS.

In order to illustrate thewear variation found in the tools shown
in the previous chart, Fig. 12 shows the cutting-edge images of a
sample each tested conditions at the machined length of 1000 m.
It can be seen that, in the tools with FD and PAB processes, the
flank wear behaved in a similar way, while in the original tool,
wear was advanced. This variation in wear presented in the orig-
inal state (OS), compared with the tools with the treatments, rein-
forces the improvement generated by the cutting edge, which is
related to the reduction of the roughness in the coating. This
improvement mitigates the contact of the graphite chip with the
tool’s surface, which may be related to the reduction of the wear.
As Klocke and König [5] stated, this wear is called uniform de-
terioration flank phenomenon. And according to Zeilmann [15]
and Li [16], this increasing wear behavior is typical.

To compare the performance of each process, a graph with
the average of cutting length performed by the tools is shown
in Fig. 13 until they reach VBmax of 0.2 mm. Due to the
impossibility of finishing the tests at the exact instant of wear
at 0.2 mm, the cutting length values have suffered a linear
interpolation to the value of 0.2 mm wear.

In the figure, the percentage gain of cut length is also identified
using the original cutters as reference. The two cutting-edge pro-
cesses presented considerable gains, the drag finishing with an
average increase of 63% and the finishing with abrasive brushes
of 47%. The analysis performed through Fischer’s multiple com-
parison test (Fig. 14) corroborates the analysis performed by the
graph of Fig. 13, where in the first line is the comparison of the
means of the OS tools with the FD, and in the second line is the
comparison of the means of the tools OS and PAB; these indicate
that they have significant differences, since they are not crossing
the vertical line at zero. The comparison between the FD and PAB
tools crosses the vertical line, which indicates that they are statis-
tically similar.

A possible link regarding the gain in the length machined
by the treated tools, having as a reference the untreated tools,
is the roughness values presented in the characterizations of
the cutters. The roughness of the two treatments performed
showed a reduction in comparison with the original tool, and
the abrasive brushes polishing process also showed a greater
variation in the measurements, compared with the drag finish.

As a comparison, in the experiment carried by Bouzakis
et al. [29], the abrasive brushes polishing process on TiAlN
coating carbide inserts used in milling Inconel 718 showed an
increase in the tool life by 30% compared with the original
tool without treatment. Zeilmann et al. [10] present in another
experiment that the process of finishing by drag in high-speed
steel tools presented a 50% reduction of VBmax in face mill-
ing of the AISI P20 material.

Fig. 16 Schematic representation
of crater and notching wear
generated during machining [2]
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In order to detect dominant wear mechanisms in the pro-
cess during the experiments, this section presents the images
generated through SEM and the respective analyses of the
tested tools. Analyses were done on all tools. SEM images
were made on only one edge, for each condition (Fig. 15).

The wear presented was similar for all conditions tested.
Apparently the most dominant wear mechanismwas abrasion,
which results in flank wear. This wear occurs commonly in
graphite machining and is generated predominantly by the
ultrafine powder flow of graphite, as observed by several re-
searchers [1, 2, 6, 7, 30].

A characteristic wear in the graphite machining, also gen-
erated due to the abrasionmechanism, known as comb-shaped
wear, appears subtly in this figure. This wear generates
grooves in the tool due to the flow path and friction of the
graphite powder [1].

Finally, notching and crater wear are identified, where the
latter consists of a concave section on the inclined face of the
tool, formed by the action of graphite powder that comes into
contact against the face of the tool during machining. This
effect is shown in Fig. 16.

This process leads not only to the formation of a crater but
also the generation of the notches, which function as exit paths
for the flow of graphite dust from the cutting edges [2, 6, 29].

As can be seen in Fig. 15 and diagrammatically in Fig. 16,
the three different processes generate the same wear mecha-
nisms. This occurs because it is related to graphite machining
and the graphite flow. In this case, the cutting-edge prepara-
tion can only reduce the wearing and improve the tool’s life.

With the purpose to identify the reason why the graphite ma-
chining generated a high wear, the graphite characterization was
conducted. The analysis was performed in a graphite block where

Fig. 17 (a) Fractured and (b)
machined graphite surfaces
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one of the surfaces was machined with the same parameters as
those used during the tests and with the original milling cutter (b),
and the other surface was fractured through external impact (a),
with the purpose to verify the structure and topography of the
block without having undergone by milling process. Images of
these surfaces can be seen in Fig. 17.

The two images on the left side of this figure refer to the
fractured surfaces, the first with the magnification of × 200
and the second with × 1000. The two images on the right side
refer to machined surfaces with the same magnifications. In
the fractured surface image, it is possible to verify, in a qual-
itative way, the heterogeneity of the graphite grains and the
roughness of the surface present in the structure of the graphite
coming from the graphite block fabrication process, which is
responsible for the porosity of the material.

According to Pierson [31] and Huo, Lin, and Dalgarno [32],
these graphite characteristics are due to the material being poly-
crystalline and the orientation of the crystals being random. In the
macroscale, the graphite used in EDM has thermal and mechan-
ical isotropic performance, besides being fragile. Therefore, the
imperfections of the sizes and shapes of crystal graphite, such as
vacancies, stacking faults of graphite blades, and declinationwhen
the planes are not perfectly parallel, have a great influence on the
properties and formation of graphite.

The porosity of the material is also visible in this condition,
as identified in Fig. 17, in which the dark regions represent the
porosity, while the lighter regions represent the graphite ma-
trix. It is in this matrix, composed of smaller particles chem-
ically and mechanically joined, which are arranged the graph-
ite blades.

In order to verify the changes caused in the graphite struc-
ture, more specifically in the basal plane of the sample due to
milling, Fig. 18 shows the images of the fractured (a) and

machined (b) surfaces of the graphite with a × 30,000
magnification.

In the image of the fractured surface, it is possible to iden-
tify the graphite slides similar to those identified by Hutchings
[33] and Paulchamy et al. [34], overlapping more symmetri-
cally comparedwith the image of the machined surface. In this
image, it is also possible to notice one of the properties of the
graphite, the brittleness, due to the almost flat rupture of the
blades of the material.

With respect to the machined surface, the figure shows that
the region that passes through the cutting process, in addition
to presenting graphite shear, also generates high deformations
in the material and a high amount of blade breakage.
According to Pierson [31], this phenomenon requires a high
amount of energy due to the covalent bond of the carbon
atoms of the graphite structure, what can be a possible cause
for the abrasive power of the graphite.

This structure was noted regardless of the treatment applied
in the tools. It was a result of the cutting process of the milling
which affected the mechanisms and the types of wear present
in the tools during the machining of the graphite, as can be
visualized in the images of Fig. 15.

4 Conclusion

The results obtained through the execution of this work con-
tributed to the better understanding on the cutting-edge treat-
ments performed in milling cutters and their impacts during
the machining of graphite electrodes.

The SEM analyzes indicated a surface with an apparent
reduction in the width of the crystals, both for the tools that
passed through the abrasive brushes polishing process and

Fig. 18 Graphite structure: (a)
fractured face ; and (b) milling
face

2591Int J Adv Manuf Technol (2020) 108:2579–2593



those that went through the drag finishing process, and in the
tools with FD an apparent rounding of the edges of the crystals
was also visible.

The roughness measurements on the tools showed a gain in
the finishing of the treated tools by 23%. The finishing pro-
cesses tested presented statistically the same roughness
values; however, the FD process presented a smaller variation,
both in comparison with PAB process and with the OS
treatment.

The graphite characterization showed the changes caused
due to the machining process in the material structure, the
most relevant being the deformations in the basal plane of
the graphite, which may be a possible explanation for the high
abrasive power of the material.

With the tool life graphic, it is possible to verify the smaller
slope of the curves of the PAB and FD tools compared with
the OS, which indicated the least wear during the tests. A
similar behavior on these is also noticeable, but a remarkable
difference is the smaller variation of the results with respect to
the curve of the FD tool.

The OS tools presented the end of life with a machined
average length of 1,126 m, PAB tools with 1,663 m, and FD
tools with an average of 1,840 m, which present a gain of 47%
and 63%, respectively.

Overall, all tested tools obtained the same wear mecha-
nisms and types, being the abrasion the main wear mecha-
nism, which caused the flank, crater, and notch wear. And
the two cutting-edge treatments showed gains and demonstrat-
ed their potential to be applied in production tools.
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