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A method is presented to improve the tool life and cutting performance of 300mm diameter tungsten

carbide (WC) micro end mills by applying thin (o300 nm) fine-grained diamond (FGD) and

nanocrystalline diamond (NCD) coatings using the hot-filament chemical vapor deposition (HF-CVD)

process. The performance of the diamond-coated tools has been evaluated by comparing their

performance in dry slot milling of 6061-T6 aluminum against uncoated WC micro end mills. Tool wear,

coating integrity, and chip morphology were characterized using SEM and white light interferometry.

The initial test results show a dramatic improvement in the tool integrity (i.e., corners not breaking off),

a lower wear rate, no observable adhesion of aluminum to the diamond-coated tool, and a significant

reduction in the cutting forces (450%). Reduction of the cutting forces is attributed to the low friction

and adhesion of the diamond coating. However, approximately 80% of the tools coated with the larger

FGD coatings failed during testing due to delamination. Additional machining benefits were attained for

the NCD films, which was obtained by using a higher nucleation density seeding process for diamond

growth. This process allowed for thinner, smaller grained diamond coatings to be deposited on the

micro end mills, and enabled continued operation of the tool even after the integrity of the diamond

coating had been compromised. As opposed to the FGD-coated end mills, only 40% of the NCD-tools

experienced delamination issues.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-manufacturing is a rapidly growing worldwide industry
estimated at $60 billion [1]. This rapid growth is due largely to the
increased interest in fabricating micro/meso-scaled components
that will bridge the micro- and nano-scaled worlds to the
macroworld [2]. However, many of these components require
the use of various robust engineering materials, such as steel,
aluminum, titanium, ceramics, and composites, to produce rigid,
complex three-dimensional shapes [3–5]. Current micro-manu-
facturing processes, such as lithography, LIGA, plasma etching,
etc., lack the ability to produce high aspect ratio three-dimen-
sional shapes and are limited to silicon-compatible materials
[3,4]. Due to these limitations, research has turned to the
miniaturization of current mechanical manufacturing processes
as a method of producing these complex micro-components [1].
Micro-mechanical manufacturing is the process of creating
features and components measuring microns in dimension [1,5].
It is used, for example, in the production of small parts such as X-
ll rights reserved.
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ray lithography masks, micro-scale heat sinks, micro-fluidic
devices, the miniaturization of common devices including
actuators, motors, fuel cells, and gas turbines, and the production
of packaging that links smaller devices, such as MEMS, to the
macroscopic world [1,2,5,6]. As technology shrinks and the
demand for smaller devices grows, the ability to precisely
manufacture new and existing materials at smaller scales
becomes increasingly important [1,2,5].

One micro-manufacturing process of growing importance is
micro end milling. As the direct scale-down of macroscopic end
milling, micro end milling is a material removal process that can
generate high aspect ratio, three-dimensional features in a single
step [2,5,7]. It is not limited to special clean room environments,
and is therefore more affordable and simple to carry out. It is
compatible with various engineering materials such as polymers
[8], metals and metal alloys [4,8–10], and pre-sintered powder
ceramics [11,12]. Two examples of parts fabricated using micro
end milling are illustrated in Fig. 1.

There are several important challenges to overcome when
scaling down end mills to microscopic sizes. Sintered tungsten
carbide with a cobalt binder is brittle and the micro-scaled
features of the end mills are easily damaged, resulting in rapid
tool degradation. Also, due to their small diameter, micro tools

www.sciencedirect.com/science/journal/mtm
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Fig. 1. Fabricated micro-scaled parts: (a) micro pin fin heat sink, (b) heat sink

micro pin fin dimensions, and (c) micro-fluidic channels.
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Fig. 2. Micro end mill tool dimensions: (a) optical image showing all sections of

the tool, (b) SEM image of the cutting end of the end mill, and (c) SEM image of the

cutting tip of the end mill.
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have low flexural stiffness and strength [5,7,10]. Relatively small
cutting forces can significantly bend the tool, negatively affecting
the cutting process and potentially causing catastrophic tool
failure [5,7,10]. To avoid this, cutting forces must be maintained
below a critical value by ensuring that the uncut chip thickness
(i.e., the chip load) remains sufficiently small. For many high-
strength materials (e.g., steel, titanium, etc.) the maximum
allowable chip load is on the order of or less than the cutting
edge radius (the radius of the forward edge of the tool) [10,13],
which for typical micro end mills is o1.5mm (Fig. 2). This can
result in material being removed by a rubbing or burnishing
process rather than a cutting process, accelerating tool wear and
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producing a poor surface finish [5,7]. Also, any chips adhering to
the tool will eliminate a path for chips to evacuate the cutting
zone and will result in a spike in the cutting forces often leading
to catastrophic tool fracture due to the low flexural strength of
the tool.

Diamond coatings for micro end mills are promising because of
their potential to eliminate many of these limitations currently
hindering micro end mill performance and operational life.
Previous micro drilling studies using hot-filament chemical vapor
deposition (HF-CVD) diamond coatings indicated a threefold
increase in the number of acceptable holes drilled in both printed
circuit boards (typically a phenolic, glass fiber, and epoxy
composite), and aluminum work pieces when compared to an
identical uncoated tool [14–16]. These machining improvements
are due to many favorable mechanical and tribological properties
that diamond coatings possess, such as high hardness, chemical
inertness, low adhesion to many materials, and low friction
[15,17–21]. The diamond surface has been shown to have an
intrinsically low affinity for Al at the atomic scale [22]. The low
adhesion of workpiece material helps prevent chips from adhering
to the flute surface, hence reducing tool clogging and associated
sporadic force spikes [15,17–21]. This, and the low coefficient of
friction, reduces the forces exhibited on the cutting tool
[15,17–21]. The high hardness reduces the rate of abrasive tool
wear [7,15,17–21].

However, the nucleation and growth techniques used for
conventional microcrystalline diamond (MCD) coatings for
macro-scale cutting tools often require coatings that are too thick
(42mm) for micro tools since thinner films are not continuous.
These coatings would significantly increase the �1.5mm cutting
edge radius, blunting the tool. As it is, the existing cutting edge
radius of uncoated tools is larger than desirable, and increasing
the cutting edge radius will negatively affect machining perfor-
mance. MCD films, with grain sizes typically ranging from at least
100 nm up to several micrometers are also too rough for micro
tools. In addition, they have inferior strength [23] and much
higher friction [24] than nanocrystalline diamond (NCD) films. To
take advantage of the best properties, nanocrystalline diamond
coatings for micro end mills are investigated here. By achieving
high nucleation densities, continuous, thin (�100 nm) films were
reproducibly grown with an average grain size of approximately
50 nm and a measured roughness of 30 nm on 300mm diameter
end mills. This work characterizes the cutting performance of
these thin NCD coatings when dry cutting 6061-T6 aluminum.
2. Experimental procedure

2.1. Diamond synthesis

Diamond coatings were synthesized on 300mm diameter, two-
flute, tungsten carbide (WC) end mills with an approximate
cutting edge radius of 0.5mm using HF-CVD. The micro end mills
are a commercially available design (Performance Micro Tool, Inc.)
and contain 6–8% cobalt (Co) binder located at the WC grain
boundaries. Each tool is initially inspected via SEM for defects and
is sorted based on the tool diameter. Defect-free tools are then
subjected to a three-step nanocrystalline diamond synthesis
process: etching, seeding, and diamond synthesis. A hydrofluoric
and nitric acid mixture is used to selectively etch cobalt from the
surface of the tool since cobalt inhibits the growth of diamond.
Diamond nanoparticles are deposited on the tool surface to create
nucleation sites for diamond growth using two different methods,
described below. The tools are then placed into the HF-CVD
vacuum chamber (base pressure 0.10 Torr). A mixture of 4%
methane (flow rate 3.75 SCCM) and 96% hydrogen (flow rate
90 SCCM) at a pressure of 30 Torr flows over tungsten filaments at
2000 1C, dissociating the gases which then impinge on the tool
and react to synthesize diamond. A detailed description of the
synthesis process is presented by Heaney et al. [25].

2.1.1. Seeding

Chemical vapor deposition (CVD) of diamond does not occur
easily on non-diamond substrates [15,26–28]; therefore, nano-
diamond particles are seeded on the surface to help promote the
diamond growth process and control where diamond nucleation
occurs. Each of the seeded diamond particles produces a
nucleation site for initial diamond growth. Hence, a dense,
uniform seeding procedure is ideal for producing thin, conformal
coatings. Typically, diamond growth occurs in a columnar fashion
[29], requiring extensive diamond growth to occur for complete
film coalescence of a poorly seeded surface. The long growth time
will often result in large-grained (�1mm), thick diamond films
(41mm).

Mirco end mills were seeded using two different diamond seed
solutions. The first solution was a mixture of a dry detonation
nanodiamond powder (DET) composed of 20–50 nm diameter
particles, dissolved in methanol. However, the dry diamond
particles often agglomerated, resulting in diamond seeds
60–80 nm in diameter. The tool tips were suspended within the
solution and ultrasonically treated to attach the diamond seeds
onto the tool surface. This type of seeding method resulted in
diamond particle coverage of 7.3% of the tool surface area as
determined from SEM images (Fig. 3a). The other diamond
solution consisted of ultra-disperse diamond (UDD) nanodiamond
particles (25–30 nm) suspended in dimethylsulfoxide and diluted
in methanol. Seeding coverage for this method is approximately
59.8% (Fig. 3b). After 15 min of seeding, the tools were ultra-
sonically rinsed for 10 min in a methanol bath to remove large
diamond particle agglomerations from the surface of the tool. Fig.
3 compares the coverage of the two seeding methods on polished
silicon samples. The smooth silicon allows for easy visibility of the
diamond seeds.

2.1.1.1. Diamond growth with detonation nanodiamond (DET) seed-

ing. The larger diameter, less dense DET diamond seed requires
a minimum growth time of 20 min to produce a completely coa-
lesced diamond film. The long growth time is primarily attributed
to the low nanoparticle density (Fig. 3a) and thus, a low density of
nucleation sites. The low nucleation site density required ex-
tensive diamond deposition to occur before the diamond grains
began to coalesce and form a continuous film. Fig. 4 contrasts the
amount of growth required before film coalescence for low- and
high-density seeding. This growth time resulted in a minimum
coating thickness of approximately 600 nm, with most coatings
being approximately 1mm thick for complete coalescence. The
long growth time resulted in a fine-grained diamond (FGD)
coating with grains measuring between 500 and 1000 nm
(Fig. 5c).

Typical DET-seeded diamond-coated tools experience an
increase in the cutting edge radius of approximately 120%
(measured via SEM), which results in an overall cutting edge
radius of approximately 1.2mm. Generally, tools that experience
significant blunting from diamond coating have broken immedi-
ately on contact during machining. Fig. 5 illustrates the difference
in cutting edge radius between an uncoated and FGD-coated end
mill, along with the overall coating thickness.

2.1.1.2. Diamond growth with ultra-disperse diamond (UDD). The
high seeding density of UDD-seeded diamond (Fig. 3b) requires a
growth time of 5 min to achieve a completely coalesced coating.
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Fig. 4. Comparison of diamond growth for (a) low nucleation density and (b) high

nucleation density.

Fig. 3. SEM images of diamond seed density on silicon samples for (a) DET

diamond seed and (b) UDD diamond seed.

Fig. 5. SEM micrographs of unused micro end mill cutting tips: (a) uncoated tool,

(b) FGD-coated tool, and (c) FGD coating thickness.
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Coatings as thin as 110 nm have been grown with typical coatings
consistently being grown between 200 and 300 nm thick with
NCD grain sizes o100 nm (Fig. 6a). Unlike conventional MCD
diamond coatings, these thin coatings do not drastically alter the
cutting edge radius of the end mills (Fig. 6b). The typical cutting
edge radius of UDD-seeded NCD-coated tools is approximately
850 nm, which is approximately a 54% increase (measured via
SEM) over the as-ground edge.

2.2. Diamond characterization

Due to the nature and complexity of the CVD diamond process,
film growth is very sensitive to any deviations in growth
conditions. Small changes in temperatures or gas chemistry will
often result in significantly different diamond structures and
bonding characteristics of the diamond film. It is important to
characterize each coating before testing it on the end mills. A Leo
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Fig. 6. SEM images of diamond coating after UDD-seeding: (a) thickness and (b)

on micro end mill cutting tip.

Fig. 7. SEM images of apparent diamond grain sizes for (a) �600 nm thick FGD

coating and (b) �200 nm thick NCD coating.

Table 1
Summary of diamond coating roughness measurements.

Coating classification FGD NCD

Seeding DET UDD

Thickness 4600 nm 100–300 nm

Grain size 500–1000 nm 20–100 nm

Surface roughness Ra (nm) Rq (nm) Ra (nm) Rq (nm)

White light interferometer 50mm�50mm 207 274 199 244

AFM 10mm�10mm 44 56.5 30.4 38.7

AFM 1mm�1mm 27.4 32.5 17.6 22.2

C.D. Torres et al. / International Journal of Machine Tools & Manufacture 49 (2009) 599–612 603
1530 field emission scanning electron microscope (SEM) is used
for visual inspection of each of the diamond films to estimate both
the grain size of the film and the film thickness via changes in the
cutting edge radius of the tools. In addition, the SEM is used to
verify the uniformity and coalescence of the diamond films on the
tool surface. The roughness of the tools, both before and after
coating, is measured using a white light profilometer (Zygo
NewView 6400) and locally measured using an atomic force
microscope (AFM, Ambios Technology QScope 250).

2.2.1. Grain size

The grain size of diamond coatings was qualitatively estimated
using SEM. The lower nucleation density and longer growth time
of the DET diamond seeding result in larger diamond grains at the
surface, 500–1000 nm, while the UDD diamond seeding consis-
tently produces diamond grains o100 nm (Fig. 7). Nanocrystalline
diamond is defined as having grains between 10 and 100 nm in
size. In a conventional columnar growth process since the grain
size is dictated by initial nucleation density, the DET-seeding
method produces fine-grained diamond coating (grain size
between 100 and 1000 nm) as seen in Fig. 5(c) [25]. However,
the UDD-seeding method does produce an NCD coating.

2.2.2. Roughness

The surface roughness of the tool is measured macroscopically
within a 50mm�50mm area using the white light profilometer,
while the local roughness is measured within a 10mm�10mm
and a 1mm�1mm area using an AFM. The macroscopic roughness
measurements are dominated by the features formed in the tool
surface during the grinding process. The local roughness mea-
surements are sensitive to the surface texture of the diamond
coatings by effectively filtering out the longer wavelength features
created by grinding. The direction used in grinding the tool shape
is very apparent within these measurements and results in an
average surface roughness of Ra ¼ 207 nm, a root-mean-square
roughness of Rq ¼ 274 nm, and an average peak spacing of
Sm ¼ 6.46mm. These are low spatial frequency features that can
dominate the surface texture and apparent friction when only
thick coatings are applied.

On the other hand, the local roughness (high spatial frequency)
measurement by AFM is much more sensitive to the surface
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Fig. 8. Three-dimensional topography view of a representative FGD coating (left) and NCD coating (right). (a,b) 50mm�50mm white light interfermetric scan, (c,d)

10mm�10mm AFM scan, and (e,f) 1mm�1mm AFM scan.

C.D. Torres et al. / International Journal of Machine Tools & Manufacture 49 (2009) 599–612604
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Table 2
Machining conditions.

Workpiece material 6061-T6 aluminum

Room temperature �23 1C

Relative humidity �85%

Tool (end mill)

Material 0.4mm grain carbide

Diameter 304.8mm (0.012 in)

Flutes 2

Helix 301

Spindle speed 40,0007500 rpm

Feed rate 500 mm/min

Feed 12.5mm/rev
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texture created by the diamond facets, causing roughness on this
scale to be highly sensitive to the growth conditions used for the
diamond coating. Table 1 summarizes the Ra and Rq roughness
values of the diamond coatings measured with a 1mm�1mm and
a 10mm�10mm scan size.

The difference in roughness between the two samples is
directly related to the diamond grain size (Fig. 8), which is a result
of the differences in growth time and nucleation density.

Initial tribology tests have shown that the roughness on both
scales can significantly affect the friction experienced between the
cutting tool surface and workpiece. As discussed later on within
the paper, higher friction can significantly alter the performance
and cutting forces of the end mills.
Chip load 6.25mm/tooth

Depth of cut 100710mm

Coolant None

2.3. Micro end milling tests

2.3.1. Apparatus

Fig. 9 illustrates the test setup used for the machining
experiments. A high-speed spindle (NSK-HES500) with electric
drive and ceramic bearings was mounted onto the spindle of a
CNC milling machine (HAAS TM-1). The high-speed spindle
(5000–50,000 rpm) was nominally operated at 40,000 rpm for
all of the experiments. A fixed tool feed rate of 500 mm/min was
used throughout the experiments. This feed rate, coupled with the
spindle rotational speed, resulted in a maximum chip load applied
to the cutting tool of 6.25mm/tooth.

Forces acting on the 6061-T6 aluminum workpiece were
measured by a three-axis force dynamometer (Kistler 9256C2).
The dynamometer was able to dynamically measure the cutting
Workpiece
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Fig. 9. Schematic of micro end milling: (a) three-dimensional view of the

experimental setup and (b) end view of the cutting process.
forces in the x, y, and z axes. However, the forcing frequency of a
two-flute end mill rotating at 40,000 rpm, 1.3 kHz, was close
enough to the 4 kHz natural frequency of the dynamometer to
create an indeterminate bias associated with the measured
cutting forces. Therefore, workpieces of identical mass were used
throughout the tests thus allowing data between different cutting
conditions to be comparable. A humidity control system was used
to maintain a constant relative humidity of approximately 85% at
the tool–workpiece interface.

2.3.2. Cutting conditions

The machining conditions used are shown in Table 2. The tests
consisted of dry machining a single full-width channel 5 mm long
and 100mm deep, in a 50 mm�50 mm�4.8 mm 6061-T6 alumi-
num block. The workpiece was mounted on the dynamometer
before preparing the surface. The workpiece surface was prepared
by facing with a 1 in end mill to ensure flatness within 3mm. Each
tool was fixtured in the high-speed spindle and then aligned to
the workpiece using an optical magnification system. The
alignment uncertainty was 710mm in the z-axis, which corre-
sponds to an uncertainty in the depth of cut. LabView software
and National Instruments data acquisition hardware (NI PCI 6014)
were used to record the force data at a rate of 60 kHz. Both
uncoated and coated tools were run in the same test batch to
ensure compatibility between tests.

2.3.3. Force data analysis

Tool cutting and thrust forces were calculated based on the
measured global x and y force. Although the force in the
z-direction had been collected, it is largely ignored during
the force conversion calculations since orthogonal cutting was
assumed throughout the analysis. In order to properly convert the
global x and y force data into cutting and thrust force, the
rotational angle of the tool, y, must be determined. The rotational
angle of the tool with respect to the workpiece was determined
directly from analysis of the raw Fx and Fy data. A tool angle of 01
was defined as the instantaneous point that the tool tip comes in
contact with the workpiece. At that point, the force in the
x-direction will be zero, while the y-direction force will be at a
negative maximum. Using the raw data, a 901 tool angle was first
determined by locating the maximum Fx. The data was then fit
with a sinusoidal wave function, with the 01 tool angle located by
interpolation from the 901 tool angle point.

Using the raw Fx and Fy data and the tool angle y, the global
forces can be converted into cutting and thrust forces using the
equations:

Fc ¼ Fx siny� Fy cosy (1)
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Ft ¼ �Fx cosy� Fy siny (2)

However, the two-flute end mill design restricted the use of
these equations for 01oyo1801. In order to properly take into
account both cutting edges during the cutting and thrust force
calculation, the tool rotation angle was reset back to 0 after 1801 of
rotation. In addition, the limitations imposed on the frequency of
data collection often result in an ill-defined 01 tool rotational
point. This limitation, along with uncertainties experienced
throughout the machining operation (e.g., spindle speed, depth
of cut), can often lead to uncertainties of approximately 10% and
40% in the cutting and thrust forces, respectively, during the force
conversion.
3. Results and discussion

3.1. Reduction of cutting and thrust forces

Analysis of the cutting and thrust force data shows a
considerable improvement in the amount of force required to
mill 6061-T6 aluminum between an uncoated, a thick fine-grained
diamond (0.1–1mm grain size, 0.5–1mm thick) coated, and an NCD
diamond (20–50 nm grain size, 200 nm thick) coated tool. For a
6.25mm chip load, the main cutting and thrust forces are reduced
from 2.1470.85 N and 4.4070.44 N to 0.4970.09 N and
0.3470.04 N, respectively, when adding an FGD coating to WC
tools. Even smaller cutting forces are measured for thin
(�200 nm) NCD-coated cutting tools. The NCD coatings further
reduce the cutting and thrust forces to 0.1870.07 N and
0.1770.02 N, respectively (Fig. 10). In addition to an overall
reduction in forces, the cutting and thrust forces measured for
the diamond-coated tools are more balanced, while the uncoated
tools exhibited a thrust force that is twice the cutting force. This
balance in forces indicated a more ideal cutting process with
minimal plowing, burring, or adhesion of the chips to the flutes. In
addition, the lower forces for diamond-coated tools mean that the
specific cutting energy is lower. This has two consequences. First,
the machining temperatures of the tool and workpiece at the
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Fig. 10. Cutting and thrust force comparison between an uncoated, a fine-grained

diamond coated, and a nanocrystalline diamond-coated end mills.
cutting interface should be lower compared to the uncoated WC
tools, resulting in a reduced tool wear rate and adhesion of
aluminum. Second, less energy is required for the plastic
deformation during chip formation, resulting in a larger shear
angle and thus smaller chip thicknesses.

3.2. Force analysis

Analyzing the tool forces using a simplified, two-dimensional
orthogonal cutting model indicated a reduction in friction
coefficient and friction force, an increase in shear angle of the
primary deformation zone, and reduction in cut chip thickness
when using a diamond coating on the cutting tools. The friction
force and normal force on the rake face can be determined directly
through conversion of the cutting and thrust force using the tool
rake angle, gne, of 111 [30,31]:

Ff ¼ Fc sinðgneÞ þ Ft cosðgneÞ (3)

FN ¼ Fc cosðgneÞ � Ft sinðgneÞ (4)

The friction coefficient for the cutting process was determined
by taking the ratio of the frictional force to the normal force
[30,31]:

m ¼
Ff

FN
(5)

Analysis of the frictional forces for each of the cutting tools
reveals a large friction role on the overall cutting forces. NCD
coatings grown on optically smooth surfaces typically exhibit a
low friction coefficient of approximately 0.1 [32]. This low
coefficient of friction drastically reduces the frictional force the
chip experiences when sliding on the tool face. In addition, the
chemical inertness of diamond coatings results in very little
adhesion of the aluminum workpiece to the cutting tool surface.
The lower frictional force and absence of workpiece adhesion
directly result in lower cutting and thrust forces required for both
chip formation and removal.

The shear angle, j, can also be calculated using the simplified,
two-dimensional orthogonal model using both the workpiece
material properties and the measured cutting forces using the
equation [30,31]

s ¼ Fc sinðjÞ þ Ft cosðjÞ sinðjÞ
acap

(6)

where s is the yield strength of aluminum, 270 MPa, Fc and Ft are
the cutting and thrust forces, respectively, ac is the chip load,
6.25mm, and ap is the tool depth of cut, 100mm. The length of the
shear plane and the cut chip thickness, tc, can be calculated from
the shear angle and tool rake angle, gne [30,31]:

l ¼
ac

sinðjÞ
(7)

tc ¼ l cosðj� gneÞ (8)

Comparing shear angles and chip sizes reveals a large
discrepancy between the coated and uncoated tools. The high,
unbalanced forces of the uncoated tools result in a small
calculated shear angle of about 1.11 and a chip thickness of
164mm. On the other hand, the lower forces of the NCD-coated
tools result in a larger shear angle of 221 and a chip thickness of
8.2mm.

3.3. Chip formation

Further examination of the chips, end mills, and work-
piece verifies these calculations. It must be noted that upon
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examination, very little difference was noted between the FGD-
coated end mills and NCD-coated end mills in terms of produced
surface finish, cut chips, and the overall structural condition of the
end mill after machining. Therefore, the observed comparisons
will be based on uncoated and diamond-coated tools. The
uncoated tools produced larger continuous chips of various sizes
(Fig. 11b), while the diamond-coated tools produced more
uniform segmented chips. The continuous chips are unusual for
an interrupted cutting process such as end milling because a
cutting edge is only engaged with the workpiece for 1801 of
rotation. It is believed that the continuous chips are generated by
the uncoated tool because a newly generated chip adheres to the
flute surface and is only moved after a newly generated chip is
pushed into it, welding them together. This mechanism results in
higher thrust forces because a chip that is being created in the
primary shear zone must also dislodge a chip adhering to the flute
that was generated on the previous tool rotation.

Measurement of the chip thicknesses supports the orthogonal
cutting analysis performed. Representative chips produced from
the NCD-coated tools are shown in Fig. 11. From the image, the
chips have an approximate thickness of 9.3mm (Fig. 11a), slightly
larger than the 8.2mm thick chips estimated by the model. The
error in calculated chip size can be attributed to the assumptions
made in the model, which include the cutting edge of the tool
being only two-dimensional and perfectly sharp. However, the cut
chip thickness of the uncoated tool is drastically smaller than the
Fig. 11. Comparison of chips generated using (a) an NCD-coated end mill and (b)

an uncoated end mill.
calculated chip thickness. The measured chip thickness of a
representative chip produced with an uncoated tool is approxi-
mately 50mm (Fig. 11b), or approximately three times smaller
than the calculated value of 164mm. This difference can largely be
attributed to workpiece adhesion, smearing, and burring that
occur during the cutting operation. All of these effects are not
taken into account within the two-dimensional orthogonal
cutting model, where it is assumed that all of the material is cut
and removed from the cutting region as a single chip.

3.4. Tool and workpiece comparison

Further inspection of the end mills via SEM and energy-
dispersive X-ray spectroscopy (EDS) reveals large portions of
adherent aluminum on the cutting edges of the uncoated end
mills, leading to a significant built-up edge and possible clogging
of the flute. This directly results in larger cutting forces as it
becomes much more difficult for the tool to engage the workpiece
and proceed with the chip formation. In addition, flute clogging
requires higher forces to evacuate the chips from the cutting
zone. In several instances, these uncoated tools exhibit either
complete tool fracture or partial fracture of a cutting flute as
shown in Fig. 12a. The diamond-coated tools, on the other hand,
did not exhibit any of these problems. The diamond-coated tools
are free of significant aluminum workpiece adhesion, and are
structurally sound after machining (Fig. 12b). They display no
evidence of tool fracture on either the tool cutting edge or flank
edge.

Workpiece examination is consistent with the results gathered
from the examination of the end mills. Milled channels were
90 µm

Adhered Al

Partial Flute
Fracture  

a

90 µm

b

Fig. 12. SEM images representative of tool condition after machining: (a) uncoated

tool showing adhesion of Al and partial tool fracture and (b) diamond-coated tool

showing no observable adhesion of Al or tool wear.
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imaged and inspected using a white light interferometer.
Comparing a representative diamond-coated and uncoated chan-
nel (Fig. 13) revealed several drastic differences in the surface
finish of the channels. Primarily, the channels created by a
diamond-coated cutting tool exhibit a highly patterned, uniform
bottom surface, while the uncoated tool produced a sporadic
surface finish. The non-uniform surface finish of the uncoated
tool channels suggests a significant amount of heat generated
during the cutting process, resulting in adherent workpiece
material on the tool surface. This adherent material often resulted
in material smearing and rubbing across the bottom of the
workpiece. Further analysis of the channels revealed that the
diamond-coated tool produced a smoother channel than the
uncoated tool. For the uncoated tool Ra ¼ 350 nm and Rq ¼ 450
nm, whereas for the diamond-coated tool Ra ¼ 325 nm and
Rq ¼ 400 nm. Cutting marks can be seen in the channel machined
with the uncoated tool (Fig. 13a), although these marks appear to
have been smeared out compared with the features generated by
the coated tool (Fig. 13b). The coated tool cut much cleaner and
left a standard, repeatable surface finish in all channels. In
contrast, the surface finish produced by the uncoated tools
varied within a single channel and between subsequent cuts
(i.e., channels).
200 μm
Burr

a

200 μm

b

Fig. 13. Optical images of representative end milled channels in 6061-T6

aluminum using (a) uncoated end mill and (b) diamond-coated end mill.
Further inspection of the channel surface finish reveals distinct
cutting patterns indicative of the tool stress state. The surface
finish of the diamond-coated tool contains a very periodic pattern
of concave and convex features, with respect to the cutting
direction, throughout the entire channel. This indicates that both
the advancing and the retreating cutting edges are in contact with
the workpiece throughout an entire tool revolution. The uncoated
tool surface finish contains very few convex features, suggesting
that the retreating cutting edge is not in contact with the
workpiece surface. The higher forces and workpiece adhesion
associated with the uncoated tools produce a deflection of the end
mill, resulting in liftoff of the retreating cutting edge (Fig. 14).

The deflection is also apparent in the raw force data collected
during the cutting operation. The force data for the diamond-
coated tools contain highly symmetrical force data centered
approximately around 0 N (Fig. 15a). The uncoated tool forces,
however, are offset by a few newtons. Fig. 15b illustrates this force
bias using representative force data of an uncoated tool, in which
the x-directional force (Fig. 9) is offset by approximately 1 N and
the y-directional force is offset by approximately �3 N. Reevalua-
tion of the cutting process in Fig. 15b illustrates that a negative
bias in the y-direction and a small positive bias in the x-direction
will produce a constant resultant reaction force acting on the end
mill, producing a slight deflection during the cutting process. In
addition, this loading coupled with the geometry of the tool will
result in increased chatter experienced by the tool as it rotates.
This chatter not only affects the surface finish of the milled
channel (Fig. 13), but will also drastically reduce the life of the
end mill.

The uncoated tools frequently produce significant burring
(Fig. 13a). For the cutting parameters used in this study there is
burring on the top edges of the channel as well as a burr that
obstructs half of the channel width and running the entire length.
The top-edge burr results from a higher friction coefficient,
adhesion, and a greater amount of heat generated during the
cutting operation. Because of these factors, rubbing and plowing
occur at the cutting edge, which pushes a significant amount of
material in front of the tool and out of the channel instead of
directing the material along the rake face and into the flutes. The
coated tools do not produce any observable burring (Fig. 13b),
suggesting that the cutting process is occurring at significantly
lower temperature, with less friction and adhesion on the tool
surfaces. This enables fracture at the chip root which creates a
chip that can flow up along the flutes and removed from the
cutting zone.

3.5. Tool integrity

As demonstrated above, diamond-coated WC end mills
show significant improvement in both cutting performance and
Coated Uncoated

Tool workpiece gap 
caused by tool bending

300 μm 300 μm

0.35 N 7.4 N

Fig. 14. Comparison of a coated and uncoated end mill during machining. The

higher forces of the uncoated tool produce a deflection in the end mill causing for

the retreating cutting edge to liftoff from the workpiece.
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workpiece surface finish when compared to bare WC end mills
when dry machining aluminum. However, these performance
gains are only experienced as long as the diamond coating
survives. In several instances during testing, the diamond coating
delaminated during milling. Upon delamination, tools with the
thicker and larger grained FGD coating either return to a state of
performance similar to an uncoated tool, or suddenly and
catastrophically fail whereby the tool fractures. In either case,
coating delamination occurs instantaneously with no measurable
indication of coating failure beforehand. These coating failures are
easily seen in the measured force data in which there is an abrupt
increase in measured force (Fig. 16). In addition, there is an
audible difference after coating failure. Typically, FGD-coated
tools will produce very little to no audible noise during machining
until the coating fails, while the excess forces and heat generated
during the uncoated milling produce a rather distinct audible
sound.

Further examination of the milled channel reveals a clear
location where delamination of the FGD-coated tool occurs. The
channel in Fig. 17a depicts such a scenario where the FGD-coated
tool delaminated approximately halfway through the imaged
section of the channel. Before delamination, the milled channel
produced a clean, uniform channel with very little burring. After
coating delamination, burring of the workpiece immediately
began. In addition, the channel bottom produced a very sporadic
surface topography. This happened in approximately 80% of the
tests conducted under the conditions used in Table 2.

Coating delamination is also apparent upon further inspection
of the failed FGD-coated end mills using an SEM (Fig. 17b). Large
portions of the tool coating are fractured from the tool tips and
cutting edges, and continue along the flank face of the end mill.
Aluminum workpiece material has adhered to the underlying WC
tool surface, resembling the tool condition and performance of the
uncoated end mills tested previously. In several instances, the tool
would catastrophically fracture immediately after coating dela-
mination. The propagation of the delaminated coating throughout
the tool suggests weak adhesion between the WC tool surface and
the FGD coating.

The UDD-seeded tools with NCD coatings of approximately
200 nm thickness do show evidence of coating delamination, but
without the same adverse effects seen with FGD-coated tools.
Delamination of the UDD-seeded NCD-coated tools are restricted
to only the high-stress areas at the cutting edge and do not
propagate across the cutting tool surface. Tools would continue
cutting after delamination with a slight increase in cutting forces.
Eventually, continued delamination would result in tool fracture.
This delamination was observed in approximately 40% of the tests
conducted with the UDD-seeded NCD coatings. What is not
known at this time is whether the denser UDD-seeding improves
adhesion of the NCD coating to the WC substrate, or the thinner
coating is not strong enough to break off large sections when local
delamination occurs. Another possibility could be failure within
the WC substrate which propagates to the surface and removes a
small area of coating with it, meaning the event is tool fracture,
not delamination, and will be generically referred to as ‘‘tool
wear’’. Fig. 18 shows SEM images of coating delamination and WC
wear along the flank edge. The type of WC wear that is seen here
is not seen on bare WC tools cutting 6061-T6 aluminum,
suggesting that the underlying WC structure failure may be the
cause for this instance of delamination. The high wear areas along
the flank face of the end mills have also experienced loss of the
NCD coating (Fig. 18).

In addition, trace amounts of the aluminum workpiece had
adhered to the surface of the NCD coating (Fig. 19), which was not
present at all throughout the testing of the larger grained DET-
seeded FGD coatings. Much of the adherent aluminum material
appeared on the cutting tips of the end mills.

The cutting force traces do not provide clear evidence of when
the tool wear event occurred (Fig. 20a). The peak magnitudes of
the forces remain relatively constant throughout the machining
test. Inspection of the workpiece channels after milling also
produces the same inconclusive results (Fig. 20b). Therefore, the
tool wear either occurred rapidly upon the tools’ first contact with
the workpiece, or resulted in very little change in the cutting
forces. The delaminated NCD-coated tools produce a uniform
workpiece surface finish with little indication of any smearing, but
an observable amount of burring is apparent throughout the
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Fig. 18. SEM image of (a) delaminated UDD-seeded NCD-coated end mill and (b)

worn flank face edge of end mill with areas of adherent aluminum

Burr

200 µm

a

Delamination 

Delamination Adhered Al 

Adhered Al 

b

Fig. 17. (a) White light interferometric image of milled aluminum channel during

FGD-coating delamination and (b) SEM image of delaminated FGD-coated micro

end mill.
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length of the cut. Overall, the amount of burring is not as
considerable as the amount created by an uncoated end mill.
Fig. 19. SEM image of 6061-T6 aluminum workpiece material adhering to the

UDD-seeded NCD-coated surface.
4. Conclusions

Nanocrystalline diamond films contain several favorable
mechanical and tribological properties, such as a low coefficient
of friction, high hardness, and chemical inertness particularly
against aluminum. These coatings show great promise as a high-
performance coating for micro-cutting tools. Proper tool prepara-
tion and HF-CVD film growth have led to continuous, uniform
diamond coatings with thicknesses less than 600 nm. Using a
solution-based diamond seed (UDD) resulted in a higher nuclea-
tion density and more consistent NCD coating thickness with an
apparent grain size less than 100 nm and overall thickness less
than 300 nm. Contrast to this, the dry, agglomerated detenation
diamond seed (DET) produced FGD coatings that were approxi-
mately 600 nm thick with an apparent minimum grain size of
500 nm.
Force measurements during dry end milling have indicated a
drastic increase in tool performance with approximately a 75%
reduction in cutting forces and a 90% reduction in thrust forces
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when using the thicker, larger grained diamond coating. Using the
thinner, UDD-seeded NCD coating produced a further reduction in
cutting forces by approximately 50% compared to the DET-seeded
FGD-coated tools. The sizeable performance increase can be
largely attributed to the decrease in the frictional force and
adhesion experienced by the cut chip sliding across the face of the
tool. A smaller frictional force resulted in a larger shear angle
within the primary deformation zone during the cutting process;
resulting in thinner cut chip. Further analysis of the cut chips,
tools, and channels after machining verified the performance
gains of the coated tools.

Further investigation must be performed to increase the
longevity of the NCD diamond coatings. In several instances, the
FGD coating had completely delaminated form the WC tool
surface, often resulting in catastrophic tool fracture. The UDD-
seeded diamond coatings, on the other hand, did not produce such
severe delamination results. In most cases, delamination was
restricted to only locations of either high stress or high wear on
the cutting tool and did not propagate throughout the tool. Unlike
the FGD-coated end mills, the delamination of the UDD-seeded
NCD-coated tools did not result in catastrophic tool failure.
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