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Available online 22 October 2015 work presents a performance of cemented carbide cutting tool coated with diamond-like carbon (DLC). The

deposition of the coating used in this study has been done using plasma enhanced chemical vapor deposition
system. Suitable adhesion between film and the substrate did not occur in the initial deposition parameters

Iéz‘t/‘i/s;ds. tested. To enhance adhesion of the film, an intermediate silicon layer has been added. To evaluate this adhesion,
Diamond-like carbon VDI 3198 standard adhesion test was used. Spectra analyses collected using Raman backscattering spectroscopy
Silicon have been used to characterize the composition and structural information of the film. The silicon layer was
Adhesion evaluated using atomic force microscopy. Drilling tests were performed using workpieces casting in aluminum

Tool alloy (SA-323) and roundness, radial deviation, deviation of diameter and roughness of geometries changes
Drilling were measured as a function of the number of holes produced. The results showed that the DLC coating improves

the tool performance, which subsequently improves the drilling quality.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Carbon-based materials, such as diamond-like carbon (DLC) coat-
ings, have been studied by research groups and industry over the last
few decades. Amorphous carbon consists of a disordered network of
carbon atoms containing a mixture of both sp> and sp? coordinated
bonds. DLC is attributed to a variety of amorphous carbon materials,
some containing up to approximately 50 at.% hydrogen (a - C:H) or
containing less than 1 at.% hydrogen (a - C), [1,2]. Possible applications
of DLC include solid lubrication [3], micro-electro-mechanical devices
[4] and protective coatings for automotive applications [5,6]. DLC
coatings can be produced through a variety of deposition methods,
such as vacuum arc discharges using a graphite cathode [7], unbalanced
magnetron sputtering [8], various forms of ion implantation deposition
and chemical vapor deposition [9,10].

Aluminum alloys are used in many industries to make a wide range
of products. Structural components made from aluminum are vital to
the aerospace industry and others areas of transportation in which
lightweight and strength are required [11]. Drilling aluminum alloys
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can be difficult due to the aluminum adhesion on the drill. This
operation produces drill chips which adhere to the drill surface, creating
obstacles to its evacuation through the drill flutes. Such chip clogging
often results in rapid drill failure. The challenge is to minimize adhesion
of the aluminum to the drill, which can be achieved to a certain degree
using DLC coatings [12].

Coated tools have a compound material structure, consisting of
substrate covered with a hard, anti-friction, chemically inert and ther-
mal isolating layer, approximately one to a few micrometers thick.
Therefore, coated tools offer better protection against mechanical load-
ing, diminish friction and the interactions between the tool and the
chips and improve the wear resistance over a wide range of cutting tem-
peratures [13]. If we take into account that cemented carbide is widely
used as a cutting tool material for its properties, including high
hardness, wear resistance, excellent strength and toughness [14], DLC
deposited on a carbide tool may be a good coating for drilling aluminum
alloys. However, the initial problem with depositing DLCs on metal
substrates is the high residual internal compressing stress within the
coating, which is on the order of several GPa [15]. This limits the
maximum coating thickness (0.25 um) that can be grown on metal
substrates. To solve this, studies have demonstrated that thicker DLC
coatings can be synthesized by incorporating interlayers [16].

In this paper, we present results of our experimental investigation of
the role that DLC coating plays with respect of drill working, i.e., surface


http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2015.09.061&domain=pdf
http://dx.doi.org/10.1016/j.surfcoat.2015.09.061
mailto:vladimir@las.inpe.br
http://dx.doi.org/10.1016/j.surfcoat.2015.09.061
http://www.sciencedirect.com/science/journal/02578972

W.M. Silva et al. / Surface & Coatings Technology 284 (2015) 404-409 405

Coated cemented carbide tool

Diameter

Fig. 1. Carbide-coated tool used in the experiment and drill geometry.

roundness, radial deviation, deviation of diameter and roughness during
machining an SAE 323 aluminum alloy. To overcome the maximum
thickness limitation of DLC, we deposited a silicon layer on the tool
substrate prior to the DLC deposition. The intent of the interlayer is to
produce a graded interface, beginning with the carbide substrate,
followed by the DLC coating. Such a graded interface decreases the
interfacial free energy [17], increasing the work required for delamina-
tion and improving the DLC coating adhesion. Moreover, the gradual
transition from carbide to DLC through an intermediate silicon layer
reduces the thermal expansion coefficient mismatch at the DLC-
substrate interface and, thus, the thermal stress.

2. Experimental procedure

The cutting tools used in this work for drilling were 7.5 mm diameter
carbide twist drills manufactured by Nipo-Tec Ind. Co. The coated drill
consists of two flutes with a helix angle of 36°, a point angle of 130°
and a contact length of 45 mm, as shown in Fig. 1. The drills were
degreased in an ultrasonic bath before being placed in the deposition
chamber. After evacuation to less than 1x 10~ % Pa, argon was intro-
duced into the chamber at a pressure of 15 Pa and the tools were plasma
cleaned for 15 min. All surface depositions were performed using pulsed
DC plasma enhanced chemical vapor deposition system. The tools were
mounted on a water-cooled 50 mm diameter cathode, which was
biased by an asymmetrical bipolar pulsed DC source consisting of a
fixed positive pulse amplitude of 30 V followed by a variable negative

Fig. 2. One of the two hundred workpieces used for the experiment. The workpiece con-
sists of a cylinder head die cast SAE 323 aluminum alloy. The arrows indicate the nine
holes drilled by the tools used in this work.

Table 1
Chemical composition of die cast aluminum SAE 323.

Element Cu Fe Mg Mn Ni Si Zn Sn

wt.% 3.0-40 <13% <010 <050 <05 75-9.0 <30 <035

pulse with peak amplitude ranging from — 250 to —900 V at 20 kHz.
The surface preparation for film deposition consisted of two steps:
(1) the thin amorphous silicon interlayer was deposited using pure
silane as the reactive precursor gas. Si-film was deposited using total
gas pressure of 10 Pa with gas flow rate of 10 sccm for 0.5 h at 460°C;
(2) the DLC was deposited using pure methane at 40 Pa and 150°C for
1.5 h. Different pressures are required for plasma stability to prevent
sparks.

We used a Renishaw 2000 Raman system with Ar-ion laser
(wavelength = 514 nm) in the backscatter geometry to obtain the
Raman spectra of the carbon film. Spectral fitting was performed using
two Gaussian functions to obtain the Ip/I¢ intensity ratio of G and D
bands. Images were obtained using scanning electron microscopy
(Hitachi S-3400 VP-SEM). Geometries changes of the holes were mea-
sured using a coordinate three-dimensional machine. The surface
roughness was analyzed via the R, factor and measured with contacting
stylus equipment.

For the purposes of our experiments, a quantity of two hundred die
cast aluminum alloy (SAE 323) was used as the workpiece. The arrows
in Fig. 2 indicate the nine holes drilled. The chemical composition of
SAE 323 is shown in Table 1. According to the manufacturer, the me-
chanical properties of this alloy are ultimate tensile strength:
324 MPa, yield tensile strength (at 0.2%): 159 MPa, elongation at
break: 3.5%, modulus of elasticity: 71 GPa, Poisson's ratio: 0.33 and
Hardness: 80 HB. The melting point is 538-593°C and the density is
2.76 g/cm>. Micro structure of the alloy consisted of an a—Al matrix
and eutectic silicon particles, and the intermetallic phases are
Al5Cu2MgSSi5, Al]5(F€, Mn)35i2 and CUAIZ

The drilling tests were performed using a computer numerically
controlled (CNC) drill press with an external Minimum Quantity Lubri-
cation (MQL) system and performed at a cutting speed of 217 m/min,
11,500 rpm, using a feed rate of 0.25 mm/rev. The standard produced
holes have diameter of 7.5 mm and a depth of 16 mm. Hole quality of
each specimen was determined by measuring the hole size, roundness,
radial and diameter deviation and roughness. Moreover, uncoated tools
were also used to provide a baseline for comparing the results.
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Fig. 3. Raman spectrum of the DLC film where the D and G bands have been used to char-
acterize the composition and structural information of the film.
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Table 2
Comparison of the D and G bands characteristics between the DLC films deposited on the
tool samples.

Band position (cm~1) FWHM (cm™1)
Sample In/lc
D G G
1 13833 1555.2 1183 0.65
2 1382.1 1555.5 117.7 0.63
3 1385.8 15574 117.1 0.65
4 1382.8 1558.0 1171 0.62

3. Results and discussion

The material of the tool consists of three dimensional carbide
tungsten grains with cobalt as a binder phase matrix [18]. No thermal
diffusion treatment was carried out on the tool before the deposition
of the DLC. Diamond-like carbon is defined as an amorphous carbon
with a significant fraction of sp> bonds, and the films produced here
are known as hydrogenated amorphous carbon or sputtered a-C. The
film deposited on the tools has similar spectrum to the work done by
A. Ferrari and J. Robertson (2004). They measured the sp> content by
nuclear magnetic resonance and their model establish a relation be-
tween visible Raman (514 nm) parameters and sp> content. In this
sense, quantitative evaluation of the fraction of sp? bonds in the coating
was performed based on the Raman spectroscopy data. All the different
types of carbon exhibit common features in the Raman spectra from 800
to 2000 cm™ . Usually, the most important bands observed are the D
and G peaks, which lie at 1560 and 1360 cm ™!, respectively. It is
known that the D and G peaks are due to the resonant process of sp?
sites. The G peak is due to bond stretching in all the pairs of sp? atoms
located in the crystal lattice (in both the rings and chains), whereas D
peak is due to the breathing modes of the sp? atoms in the rings. The
corresponding Raman spectrum in Fig. 3 was fitted using two Gaussian
distribution functions according to A. Ferrari and J. Robertson (2004 ), in
which D and G bands matched the energy preferentially excited.

Dispersion of G peak at approximately 1550 cm™! is identified as
disordered graphite which is used to distinguish any samples with
similar Raman spectrum [19]. Thus, the intensity ratio of the D and G
peaks (Ip/Ig), the G band peak position and its full width at half maxi-
mum (FWHM) were also evaluated. The spectra collected exhibited
the followed Raman parameters, as shown in Table 2: Ip/Ig = 0.63
(4£0.01), FWHM = 117.6 (£0.5) and the G peak center is at 1556.5
(£ 1.4) cm~ . Mechanical properties of the film like hardness and
Young modulus are related to the Ip/Ig. DLCs harder than the coating
used in this work (with lower Ip/Ig) have too much intrinsic stress lead-
ing to delamination. Thus, the results are in the limit of the load carrying
capacity of the film [20,21].

DLC coated

cemented carbide
2
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Fig. 4. SEM of the DLC-coated cemented carbide. The arrow indicates the tip of the drill
where the DLC film was not fully adhered to the tool. This image was obtained before
any test.

SE MAG: 200 x HV: 20,0 KV WD: 7,0 mm

Fig. 5. SEM of the DLC on carbide substrate after adhesion test. The arrows indicate small
cracks of the coating. According to the VDI 3198 standard, the coating has satisfactory
adhesion.

Fig. 4 shows a SEM image of the coated cemented carbide with DLC
coating. One issue with DLC on metal is its low adhesion due the high
residual compressing stress, which is on the order of several GPa [22].
Thus, a silicon layer was used to reduce the thermal stress and improve
the adhesion of the DLC film to the substrate. The silicon layer did not
full support the high residual compressing stress generated between
metal substrate and DLC on the edge of the drill. Therefore, the
detachment of the small part of the film occurred shortly after deposi-
tion, likely during cooling After dozens of unsuccessful deposition
tests on tool due failure of the film on the edges, it was found that the
geometry of the substrate has a significant influence on the film adhe-
sion. In this way, the deposition condition was optimized to get a coated
tool in which was possible its use in drilling. The major advantage
achieved here is that DLC film was obtained with high degree of
adhesion in a flat surface, as showed in Fig. 5. The arrows in Fig. 5
indicate the small cracks, and according to the principle of the VDI
3198 indentation test, the film has high adhesion and it is classified as
acceptable failure [23]. Cross-section image by atomic force microscopy

o
—

um

pm

Fig. 6. From the atomic force microscopy was possible to obtain the cross section image of
coating and the substrate. The interlayer of Si is indicated, as well the DLC film and carbide
substrate.
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Real profile

Fig. 7. Sample showing an example of the measured roundness result.

in Fig. 6 shows the substrate (WC-Co), the silicon layer (Si) and the DLC
coating, respectively.

One of the most important fundamental forms for engineering com-
ponents is a circular cross-section. As an example, Fig. 7 shows the
roundness measurement of the hole produced by the coated tool,
where the difference between the real profile and the references from
a surrounding circle (SC), square average (SA) and inscribed circle (IC)
are shown. The maximum (R;;,qx) and minimum (7,,;;,) are the radii of
the SC and IC, respectively. The roundness is calculated by Ryax — Rmin-
These references are fixed around the circular profile and downhole to
form the radial deviation. The expression to calculate the radial
deviation derives from the difference between the surrounding and
inscribed cylinders into the hole length, i.e., (Rmax — Rmin)/2 [11].

Fig. 8 shows the effect of the DLC coating on the roundness of the
drilled hole as a function of the hole number. The coated tool
demonstrated a better performance when compared with the uncoated
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Fig. 8. Evaluation of the roundness as a function of the number of holes produced using the
coated and uncoated tools.

tool. After 1800 holes, both tools exhibited an increased roundness error
due to the vibration during the drilling operation. The vibration was
caused by the excess of aluminum against the rake face, forming built
up edges. The radial deviations exhibited a similar trend to the
roundness, as shown in Fig. 9. Smaller values of the radial deviations
are observed for the coated tool because DLC provides a lower friction
coefficient between the tool and the workpiece.

The difference between the entry and the bottom of the hole is
known as the deviation of diameter. This effect occurs when there are
vibrations at the drill in its first touch. In addition, spring back can
occur because of the elastic deformation of the workpiece material
during the movement of the drill. Fig. 10 shows the coating effect on
the deviation of diameter. The holes drilled using the coated tool have
low deviations only on the first hole; the deviation of diameter changes
from 0.07 to 0.08 mm as the number of holes increases. The effect of
hole clogging is reduced when a coated tool is used. This behavior
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Fig. 9. Evaluation of the radial deviation as a function of the number of holes produced
using coated and uncoated tools.
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Fig. 10. Evaluation of the deviation of diameter as a function of the number of holes pro-
duced using coated and uncoated tools.

may explain the differences in the bottom diameter of the hole and why
the entry diameter decreased [11].
Fig. 11 shows the roughness of the holes calculated by the

expression R, = H{, f(x)dx, where [ is the sampling length of the profile
and f(x) is the functional form of the profile heights measured from a
reference line. The DLC-coated tool yielded a low roughness for all
1800 holes due its low surface roughness (under 7 pm). However, the
uncoated tool machined up to 1350 holes with satisfactory
performance. Beyond that, the roughness of the hole tends to increase
considerably.

Fig. 12 exhibits both flank and crater wear forms of the coated tool
after drilling 1800 holes. The inside surface parts with DLC remained
on the tool and the flank wear is most evident due to contact between
the workpiece and the cutting edge. The crater wear occurred due to
the breaking of chips on the rake face, besides a uniform flank wear is
evident in Fig. 12. The tool wear occurred mainly at the cutting edge
where the DLC films did not remain adhered. DLC can work properly
to a certain number of holes, leading to abrasive wear at the cutting

15
m Coated .
o Uncoated
10 -
_
g e
p—
w
wy
g s l
=
ch
3
2 x
I — —
6 R D
Ve ‘Standard Emor
0 - B réercept TH8128 Ta0557
5 s e
2] Intercept [FE3 190664
5 & TRRHES TRERES
T T T T T
0 450 900 1350 1800
Number of holes

Fig. 11. Evaluation of the roughness as a function of the number of holes produced using
coated and uncoated tools.

Crater wear

Det WO —— 4 1mm

Fig. 12. Front view of the drill after working on 1800 holes. DLC was removed close to the
cutting edge, however some parts of the film has been maintained to the tool surface.

edge of the drill and resulting in further coating losses. Fig. 13 shows
the path of the wear (indicated by arrows). This demonstrates that the
adhesive properties of the film to the substrate are able to withstand
the high loading experienced during the drilling process [24]. The
uncoated tools have demonstrated high wear on all the cutting edge.
Fig. 14 shows the tool edge break after 1800 holes in which the cutting
edge was totally removed.

4. Conclusions

The deposition of the DLC film on the tools surface exhibited deposi-
tion defects at parts of the cutting edges. In an effort to make a film with
high adhesion between the film and substrate, a silicon interlayer was
successfully incorporated. The DLC coating improved the hole quality.
The roundness curves and radial deviation for the coated tools achieved
better performance when compared with the uncoated tools, as such
the deviations of diameter. The roughness produced by the uncoated
tools increased significantly. Likely, the DLC mechanical properties
such as high hardness and reduced friction were the main factors for
the performance of the coating. Finally, the use of cemented carbide
drills with DLC can be a good solution when drilling aluminum alloys
at high speeds.

Fig. 13. SEM of the drill edge after working on 1800 holes. The DLC film was fully worn on
the flank face. However, it remained adhered to the secondary surface of the tool. Wear
path of the film is indicated by arrows.
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Fig. 14. Image of uncoated tool after drilling of 1800 holes. All cutting edge was removed by the effect of abrasion during the drilling.
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