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Abstract

The present study proposes a novel coating applied on high-speed steel (HSS) drills, thinner and less expensive than the
commercial ones. This new coating consists in a silicon dioxide (SiO,) deposited by sol-gel process, and its performance was
studied by means of drilling tests in nodular cast iron. For comparison purposes, two other cutting tools were also evaluated:
uncoated and TiN-coated by physical vapor deposition process. Four outputs were investigated: thrust force, hole average surface
roughness, hole average diameter (D,), and tool wear (VBgax)- Analysis of variance (ANOVA) was applied to determine the
influences of the coatings and drilling parameters on the cutting performances. The results indicated that the SiO, coating
achieved performances significantly superior to the uncoated tools. They also behaved close to the commercial TiN coating in
some aspects. Scanning electron microscopy (SEM) analysis showed predominant flank wear in all the uncoated and coated
tools. The “number of holes/maximum flank wear (VBg.x)” ratios were calculated, indicating a performance 315% better for the
Si0,-coated tool when compared to the uncoated one. Therefore, the deposition of SiO, by sol-gel method is a promising

technique to coat rapidly and efficiently cutting tools, including for tools of complex geometries such as drills.
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1 Introduction

In the past few years, new wear-resistant coatings have been
developed due to the necessary improvement of machining
technology. Researchers and industries aim for higher cutting
speed, better quality of the machined surface, and lower con-
sumption of lubricants and coolants [1]. There are several
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techniques for the deposition of coatings on metals, such as
the physical vapor deposition (PVD), chemical vapor deposi-
tion (CVD), electrochemical deposition, plasma spraying, and
sol-gel process [2]. About this last technology, the process
consists in the solidification of a sol in gel, where the sol is a
dispersion of colloidal particles (1-100 nm) in a liquid, and a
gel is an interconnected rigid network with pores of sub-
micron dimensions and polymeric chain [3].

The sol-gel method stands out from conventional tech-
niques because it is simple and less expensive and allows
the coating of complex geometries [4]. Moreover, the deposi-
tion of thin homogeneous inorganic films by the sol-gel tech-
nique is reproducible in large scales and applicable to various
types of substrates [5]. The sol-gel coating method does not
involve the vacuum phase, requires low processing tempera-
ture, and can achieve a high degree of purity in oxide coatings
[5, 6]. The applications for sol-gel coatings include anti-
corrosion coatings, optical sensors, and, more recently, as ther-
mal barriers or high electrochemical performance films [7, 8].

Although the coatings obtained by the sol-gel tech-
nique are little exploited in cutting tools, relevant studies
have been carried out. Huang et al. [9] used the sol-gel
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method to coat two types of carbide powders, TiC and
(W,Ti)C, with an alumina film. The new tool materials
presented considerably improved fracture toughness com-
pared to other ceramic tool materials. Machining tests
showed that the new tool materials had superior wear
resistance along with the other ceramics and could main-
tain a suitable wear resistance over the entire tool life. In
another study, Tlili et al. [S] analyzed the wear behavior
of alumina sol-gel coatings deposited on stainless steel.
The alumina layers improved the tribological behavior
of stainless steel and reduced wear and damages.
Finally, Rubio et al. [10] evaluated the performance of
TiO,-coated tools by analyzing thrust force, burr height,
and the maximum diameter when drilling aluminum sand-
wich material. The drilling tests were carried out using
sol-gel coated high-speed steel (HSS) drills. The coated
tool exhibited the best performance and improved the
holes’ quality. The coating seemed to decrease the maxi-
mum diameter of the hole, avoiding the formation of
build-up-edge of aluminum due to a lower friction
coefficient.

In addition to the sol-gel coatings aforementioned, coatings
of silicon dioxide (SiO,) can also be obtained by this tech-
nique. The SiO, coating presents excellent chemical stability,
low thermal expansion, mechanical durability, and effective
protection to metallic substrates [2, 7, 11]. In their research,
Vasconcelos et al. [7] developed a SiO, coating on an AISI
304 stainless steel. The authors confirmed that a thin SiO,
layer improved the anti-corrosion performance of the substrate
used. HSS drills are widely used because of their low cost and
high toughness in relation to the carbide ones, and no study
was found regarding the use of sol-gel SiO,-coating on this
type of cutting tool. Additionally, this coating is compared
with commercially available TiN-coated via PVD.

The PVD coating method was originally developed for
HSS coating, whose material structure can be thermally influ-
enced at high temperatures. While the CVD is performed in
the range of 1000—1200 °C, the PVD uses lower temperatures
(< 500 °C) [12]. Since the sol-gel coating is processed at low
temperatures, it may be a promising method for coating HSS
tools.

In this context, the present research evaluates the effi-
ciency of the sol-gel method as a coating technique for
HSS tools. To this purpose, we assessed the drilling pro-
cess and tool wear during the drilling of nodular cast iron
in three twist drills: uncoated, SiO,-coated by sol-gel
method, and TiN-coated by the PVD process. The analy-
sis of variance (ANOVA) was used to determine the in-
fluences of the coatings and drilling parameters on the
cutting performances. The surface characteristics of the
tools were analyzed to determine their wear nature by
using scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) techniques.
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2 Materials and methods
2.1 Tools

Twist HSS drills type AISI M2 were adopted, with 10 mm
diameter, 118° point angle, and a 20° helix angle. To guaran-
tee the initial conditions of each test, a new tool was used in
each run. The drills underwent the same process of sharpening
and facetting before coating, as detailed in Fig. 1.

2.2 Coatings

The preparation of the SiO, coating solution consisted of
mixing deionized water, ethanol (C,HsOH), and hydrochloric
acid (HCI) with tetraethoxysilane (TEOS). In the prepared sol-
gel solution, the concentration of silicon atoms corresponded
to 2.35 mol/L; the pH was 3.5, and the water/TEOS ratio was
2.2, all in agreement with the study of Houmard et al. [13].
The solution was aged for 48 h at room temperature and di-
luted to reach 1.5 mol/L. Before the deposition process, the
drills underwent ultrasonic cleaning in ethanol.

Subsequently, the drills were coated by immersion (dip-
coating) in the sol-gel solution with a withdrawal speed of
0.5 mm/s. The drills were covered with three coating layers,
and after each layer, the coating was dried at 80 °C. At the end
of'the deposition process, the drills were heat-treated at 400 °C
for 2 h to reduce the porosity, increase the density of the SiO,
film and, thus, favor the coating resistance. The coated drills
were then left to cool gradually inside the oven. Figure 2
shows a scheme of the dip-coating process performed in this
research.

Si0,- and TiN-coated tools were characterized, respective-
ly, by using FEG 3D FEI and Jeol JSM-IT300 SEM micro-
scopes both equipped with EDS. The friction coefficients
were also measured by performing a pin-on-disc test method
using a tribometer model Microtest SMT-A/0100.

Facetting

Fig. 1 Drill region with facetting
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Fig. 2 Preparation steps of the SiO,-coated drills by sol-gel technique
2.3 Workpiece

The material employed in the drilling tests was a FE42012
nodular cast iron with 110 mm x 120 mm cross-section area
and 15-mm thickness. Three workpieces were used in drilling
tests each one with a different tool. Chemical composition and
mechanical properties of the nodular cast iron are summarized
in Table 1.

2.4 Drilling experimental setup

Drilling experiments were carried out under dry condition on a
machining center with 9.0-kW spindle power and a 7.500-rpm
maximum spindle speed. Figure 3 shows the experimental
drilling setup. Thrust force (F,) was measured with a 4-
component piezoelectric dynamometer 9272 Kistler, amplifier
5073 Kistler, and USB 6366 acquisition boards. The
SignalExpress signal processing software by National
Instrument was used by adopting an acquisition rate of 300
S/s (Samples per second).

Hole wall surface roughness was quantified using a porta-
ble Taylor Hobson Precision® roughness perthometer, model
Surtronic 25, with a sample length of 2.5 mm and an evalua-
tion length of 12.5 mm. Four measurements were taken for
each hole in order to obtain a mean R,. Furthermore, hole wall
surface roughness was qualified by means of its topography
(3D) and profile (2D) in axial direction. Thus, the profilometer

Table 1 Chemical composition and mechanical properties of the
nodular cast iron used in the drilling tests

Fe C Si Mn P S Mg
93.68 3.63 247 0.09 0.06 0.01 0.06
Tensile strength (MPa) Yield strength (MPa) Elongation (%)
554 376 14

Heat treatment

Drilling

Hommelwerk T8000 and Hommelmap Expert 6.2 software
were employed to obtain the images. This visual analysis
was done for significant control factors, i.e., tool feed and drill
coating (Table 5). As cutting speed was not significant, inter-
mediate cutting speed of 55 m/min (Table 2) was considered
in analysis of hole roughness.

Regarding hole diameter inspection, average diameters
were measured using a coordinate measuring machine model
Mitutoyo QM-Measure 353 with 0.5-pm resolution. The final
diameter presented in this paper corresponds to the average of
three measurements taken at 4-mm, 8-mm, and 12-mm depth
for each hole.

A full factorial experimental design was employed, and
each drilling condition was replicated once, thus resulting in
54 runs. Table 2 presents the parameters or factor controls and
their respective levels employed in the experimental work.
The ranges of cutting parameters were selected based on the
tool manufacturer recommendation and industrial
applications.

Analysis of variance (ANOVA) was carried out, aimed to
verify whether the main factors and their interactions are sta-
tistically significant within a 95% confidence interval. A p
value (probability of significance) lower than or equal to o =
0.05 indicates that the main factor or the interaction signifi-
cantly affects the studied response.

2.5 Wear evaluation

Maximum flank wear (VBg ) Was measured by using SEM
microscopy. For this purpose, the facetting region of the drill
was measured before using an optical microscope (MO)
Olympus SZ61 and after the drilling processes by SEM. The
cutting conditions of 40 m/min cutting speed and 0.25 mm/rev
feed were considered to tool wear analysis. These drilling test
conditions were chosen because they are within the parame-
ters recommended by the manufacturer. The surface
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Dynamometer
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Fig. 3 Drilling experimental setup

morphology was studied after the drilling experiments by
SEM and EDS. The drill end life criterion was defined when
any of the following conditions have been reached: (i) the
drills were not able to further cut properly and (ii) the drills
showed the occurring of chipping in the flank region. The
number of holes performed and the corresponding VBBmax
were recorded for each tool after the wear test.

3 Results and discussion
3.1 Coating characterization

The final coating thickness ranged from 490 to 540 nm, as
illustrated in the SEM micrograph of Fig. 4b. EDS surface
analysis on the SiO, film confirmed the presence of Si and
O elements, corresponding to the SiO, compound (Fig. 4a).
Fe, Cr, and Mo present in the spectrum come from the sub-
strate due to the high X-ray penetration depth. EDS analysis of
the substrate (Fig. 4c) indicates the expected chemical ele-
ments of the HSS composition, i.e., Fe, W, Mo, Cr, and V.
Another coating tested in this study was the commercial
TiN one deposited by the PVD process (TiN Balinit A from
Balzers). The film was characterized by SEM and EDS, pre-
senting thickness of about 3.7 to 3.9 um (Fig. 5b). EDS anal-
ysis on coating indicates the presence of the Ti, N, and Fe. Mo,

Table 2 Drilling process parameters and their levels used during the
experiments

Parameters/control factors Levels

Tools, T’ Uncoated SiO, coated TiN coated
Cutting speed, v, (m/min) 40 55 70

Feed, f (mm/rev) 0.05 0.15 0.25
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Acquisition board NI USB 6366

Computer

Amplifier 5073 Kistler

Cr, V, W, C, and Fe were identified on substrate, correspond-
ing to the HSS material, as shown in Fig. 5a and c.

Table 3 presents the friction coefficient between the tribo-
logical pairs (workpiece material and drill coating/uncoating).
The presence of coatings contributed to lower values of fric-
tion coefficient, i.e., SiO, coating reduced friction coefficient
up to 55% while TiN one diminished up to 63% when com-
pared to the uncoated drill. Emphasis must be given for 55
m/min cutting speed in which SiO, coating reaching the same
friction coefficient from commercial TiN when considering
measurement variability.

3.2 Drill performance

Table 4 shows the results of the thrust force (F,), hole wall
average roughness (R,), and hole average diameter (D,). p-
values lower than 0.05 were underlined in Table 5 (ANOVA).
R? values obtained in this study indicated that the statistical
model adopted explains between 73 and 97% of the data.

3.3 Thrust force (F,)

According to Table 5, tool and drill feed, as well as
their interaction affect statistically the thrust force, re-
spectively, with p values equal to 0.001, 0.001, and
0.013 < a = 0.05. Figure 6 shows the interaction of
both parameters on the thrust force. TiN-coated tool
presented lower values of thrust force and exhibited
better performance. The thrust force for the SiO,-coated
tool was lower than for the uncoated tool and higher
than for the TiN-coated tool. The presence of SiO,
and TiN coatings reduced the friction and the contact
area between the tool/chip and tool/workpiece interfaces
probably due to their high heat resistance, as declared
by Wang et al. [9, 14]. This fact led to smaller thrust
forces. Correspondingly, the lower friction coefficient
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Fig.4 a EDS spectrum from the drill coating, b SEM of the tool cross-section showing the SiO, film (some thickness measurements are indicated in the

image), and ¢ EDS spectrum from the substrate

values were obtained for the tribological pairs with SiO,
and TiN coatings (Table 1). Regarding the effect of the
feed, higher tool feeds remove more material amount
per revolution increasing the thrust force. The increase
of the feed results in higher areas at the primary and
secondary zones. Consequently, chip section and thrust
force increase significantly. Barbosa et al. [15] also ob-
served thrust force increasing with tool feed in drilling
tests. Finally, in agreement with Table 5, cutting speed
does not influence the thrust force (p value = 0.062 > «
= 0.05). Thus, the drill feed varies the thrust force more
than tool (F-distribution = 477.67 » 17.62).

3.4 Surface roughness (R,)

According to Table 5, tool and drill feed affected sig-
nificantly the hole inner surface roughness (R,), with
p values, respectively, of 0.001, and 0.002 < «a =
0.05. Figure 7 shows that higher feeds increase the av-
erage roughness and this behavior can be explained
based on kinematic roughness, drill wear, and thrust
force. Average or peak-to-valley roughness depends di-
rectly and quadratically on tool feed and inversely on
drill corner radius [16]. Thus, the larger tool feed, the
higher surface roughness. Besides, higher feeds create
additional heat between the workpiece and the tool,

12000
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6000

cpslev

4000 4

2000+

Energy [keV]

enhancing consequently the drill wear and leading to
higher surface roughness [17]. As showed by Meena
et al. [18], the increase in surface roughness with drill
feed can be explained due to an increase in the chip
section size. Khan et al. [19] have also reported a sim-
ilar behavior when drilling AISI 1045 steel. As men-
tioned in Section 3.3, the thrust force increases when
tool feed grows and hence poor surface finish is pro-
duced as a consequence. Under low feeds, hole inner
average roughness decreases slightly for all drill
evaluated.

The improvement in the hole inner surface quality
due to the coating types is related to the coatings’ ef-
fectiveness. Such films decrease the friction and tool-
workpiece contact area resulting in better surface finish
as a consequence. R, values are within a range of 4.7 to
9.1 um. A slight difference is observed for SiO, and
TiN coatings (on average 0.8 um). In addition, the coat-
ing deposited by the sol-gel method presented perfor-
mance near TiN one for both thrust force and hole wall
surface quality mainly for higher drill feeds.

The topography and profiles obtained by profilometry
of the holes’ inner surface are shown in Tables 6 and 7.
Higher feed increases the average roughness observed
by growing of the peak-to-valley distance regardless of
tool tested. The topographies and profiles of the hole

F
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Fig.5 a EDS drill spectrum from the coating, b SEM of the tool cross-section showing the TiN film (some thickness measurements are indicated in the

image), and ¢ EDS spectrum from the substrate
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Table 3  Friction coefficient between the nodular cast iron disc and although R, is the most roughness amplitude parameter
different coated pins . .. .
used for production control when machining with de-
Cutting speed, v, (m/min) ~ Uncoated SiO, coated  TiN coated fined edge geometry cutting tools. In this context, sta-
tistical roughness parameters such as skewness (Ry) and
40 0.65+0.05 040+0.04 0.24+0.02 kurtosis (Ry,) are more suitable [20].
55 0.73+0.04 033+0.04  028+0.03 As seen in Fig. 8, Ry, for both tool coatings is lesser than
70 0.59+£0.05 047+0.05 0.22 +0.02

wall surfaces obtained with coated tools demonstrate to
be smoother than those attained with uncoated drill.
Figure 8 shows 2D profiles of the hole’s inner sur-
faces drilled with SiO,- and TiN-coated tool at 0.25
mm/rev feed. Similar microasperities’ magnitudes were
identified for these tool coatings and drill feed, which
may justify the average roughness values (Fig. 7) very
close for both tools. However, R, amplitude parameter
is neither capable of indicating untypical peaks or val-
leys nor defining the microirregularities’ shapes,

3.0, which means that both the texture features of the hole wall
do not contain inordinately high peaks and/or deep valleys.
Otherwise, Ry is positive for SiO, and negative for TiN, in-
dicating predominance of peaks and material concentration
near machined surface, respectively.

According to Krolczyk et al. [20], Ry, parameter is useful in
monitoring for different types of wear conditions and Ry, usually
is employed to determine defects of peaks on working surfaces.
Thus, these roughness parameters can be utilized to characterize
tribological functionalities of parts working in contact.

Nodular cast iron is often used in powertrain systems,
which comprises mechanical components like engines,

Table 4  Results for thrust force, hole wall average roughness, and hole average diameter

Thrust force, F, (N)

Average roughness, R, (1m) Average diameter, D, (mm)

Tool, T Cutting speed, v, (m/min)  Feed, ' (mm/rev)
Run
Uncoated 40 0.05 284.03
0.15 498.03
0.25 1030.23
55 0.05 385.32
0.15 618.13
0.25 1080.10
70 0.05 277.79
0.15 506.53
0.25 1206.10
SiO, 40 0.05 191.38
0.15 421.68
0.25 1003.50
55 0.05 380.12
0.15 492.68
0.25 1046.79
70 0.05 227.74
0.15 535.97
0.25 939.00
TiN 40 0.05 233.11
0.15 451.46
0.25 758.65
55 0.05 226.01
0.15 454.58
0.25 835.54
70 0.05 258.05
0.15 460.93
0.25 1060.10

Replica Run Replica Run Replica
374.93 6.50 7.50 10.13 10.23
636.40 7.10 8.40 10.10 10.13
1060.00  9.10 9.10 10.16 10.13
432.76 7.60 8.10 10.08 10.19
503.07 6.10 7.40 10.10 10.11
1095.00  6.90 9.00 10.11 10.06
368.00 6.70 6.40 10.16 10.17
633.40 8.20 6.10 10.15 10.16
1320.12  7.30 8.30 10.11 10.14
281.42 6.70 5.70 10.11 10.16
489.22 6.80 7.60 10.09 10.13
974.00 7.70 7.20 10.08 10.10
419.95 6.10 6.30 10.10 10.14
541.16 6.90 6.70 10.08 10.15
953.28 6.70 7.80 10.08 10.11
388.78 6.60 6.00 10.21 10.13
558.48 7.20 6.10 10.08 10.05
820.00 7.00 7.50 10.09 10.11
317.09 4.70 5.00 10.05 10.08
558.48 6.10 5.60 10.04 10.09
870.17 7.00 7.20 10.07 10.06
442 .46 5.10 5.80 10.06 10.06
471.90 5.90 5.10 10.03 10.04
786.36 6.70 7.30 10.05 10.08
344.80 6.40 5.30 10.06 10.16
475.00 6.50 5.20 10.05 10.04
1001.42  6.60 6.00 10.04 10.06

@ Springer



Int J Adv Manuf Technol (2019) 105:4837-4849 4843
Table 5 Results of the analysis of variance (ANOVA) over the thrust force, hole wall average roughness, and hole average diameter
Control factors Thrust force, F, (N) Average roughness, R, (1m) Average diameter, D
(mm)

Ss# FP® p value ©* SS F p value SS F p value
Tool, T 156,428 17.62 0.001 221.137 25.1 0.001 0.0497 21.95 0.000
Cutting speed, v, 27438 3.09 0.062 0.9137 1.04 0.368 0.0034 1.53 0.236
Feed, /' 4,241,487 477.67 0.001 139.215 15.8 0.002 0.0144 6.35 0.005
T X v, 25,930 1.46 0.242 11.433 0.65 0.633 0.0039 0.86 0.499
Txf 69,119 3.89 0.013 10.219 0.58 0.680 0.0010 0.23 0918
Ve X f 46,653 2.63 0.057 19.285 1.09 0.379 0.0037 0.82 0.525
Txv.xf 85,104 2.40 0.053 31.615 0.90 0.533 0.0079 0.88 0.546
R 97.49% 78.80% 73.36%

#Sum of squares (SS)
b F-distribution (F)
¢ Probability of significance (p value)

*p value in italic, significant values < & = 0.05

transmissions, gears, bearings, and crankshafts [21]. Such
pieces work under fluid-solid and/or solid-solid contact con-
dition. Thereupon, SiO,-coated drill yielded surface topogra-
phy more indicated to retain fluid (fluid-solid interaction) and
TiN-coated drill produced texture more appropriate to mini-
mize wear (solid-solid contact).

3.5 Average diameter (D,)

The tool and drill feed were significant over hole average
diameter, with p values 0f 0.000 and 0.005 < v = 0.05, respec-
tively (Table 5). The presence of coating contributed to min-
imize cutting stresses, which led to smaller dimensional vari-
ations. A similar result was found by Recep and Erdo [22] in
which TiAIN-coated HSS tools showed lower diameter devi-
ation than those for uncoated ones. Otherwise, the effect of

1400
== Uncoated
1200 1 si02
| TiN

= 1000
[0}
S 800 -
o
[T
B 600 -
=
= 400 l

200 - l

0 . .

0.05 0.15 0.25
Feed [mm/rev]

Fig. 6 Effect of drill feed and tool over the thrust force

temperature rise contributed to increase the dimensional vari-
ations in dry machining. Rubio et al. [23] identified larger hole
deformation for higher cutting temperatures in dry drilling.
Thus, the dimensional variations were due to continuous rub-
bing of the drill and hot chips in the hole wall which leads to a
workpiece expansion. This resulted in thermal distortion
which in turn affected the hole accuracy. Therefore, ceramic
coatings promoted a thermal barrier and contributed to smaller
hole diameter deviations.

Figure 9 shows that higher feeds reduce the hole
dimensional error, although thrust force and workpiece
roughness are greater (Figs. 6 and 7). Lower tool feeds
increase the friction which contributes to the larger di-
mensional variations. According to Table 4 and Fig. 9,
SiO,-coated drill minimized the holes’ dimensional error

10
g 9
= 8
x 7
12} I
3 6 4 s B
£ I
S 51 T
=)
e 4
[0
g 3 A == Uncoated
:?’ 2 ] Si02

1 TiN

0 T T

0.05 0.15 0.25

Feed [mm/rev]

Fig. 7 Influence of the drill feed and tool on the hole wall average
roughness (R,)
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Table 6

3D profilometry images of the holes’ inner surface for 55 m/min cutting speed

Feed, f
(mm/rev)

Uncoated

Si0,-coated

TiN-coated

0.05

0.15

0.25

by about 23 um as compared with that for uncoated
tool; however, TiN coating diminished in 72 um on
average this dimensional error. Furthermore, the dynam-
ic instability and vibration during the drilling process
play a crucial role in determining the hole quality
[24]. Hence, stable drilling processes are demanded to
produce holes with better quality in terms of lesser di-
mensional error and surface roughness.

3.6 Drill wear

Drills’ wear images are shown in Fig. 10 according to
Section 2.5. The drills’ facetting regions were consid-
ered as reference surface to measure the maximum flank
wear. Only one drilling condition was taken into ac-
count to evaluate tool wear, i.e., 40 m/min cutting speed

@ Springer

and 0.25 mm/rev tool feed. All of three drills were
examined. Figure 10 shows in upper line, MO images
from drills’ top view before wear while the bottom line
presents SEM images after worn tools.

Some dimensions are displayed in Fig. 10 aiming at
clearing the technique used to measure the drill wear.
As an example, it seems that tool wear is identified and
quantified according to flank wear progresses over
facetting region. These measurements were done by
using SEM microscopy given the larger resolution and
magnification of images since the line between flank
wear and facetting region could be difficult to define.

Figure 11 displays the number of holes and the VBpyax
of the corresponding tools. The graph shows that the
highest values of VBp,.x Were observed for the uncoated
tool: 0.39 mm for 81 holes. SiO,-coated tool presented a
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Table 7

2D profilometry images of the holes’ inner surface for 55 m/min cutting speed

Feed, f
y Uncoated
(mm/rev)

Si0,-coated TiN-coated

VBgmax 0f 0.31 mm, corresponding to 268 holes, and the
TiN-coated drill reached 0.26 mm for 471 holes. The dril-
ling lengths for the uncoated, SiO,-coated, and TiN-
coated tools were 1.215 m, 4.020 m, and 7.065 m,
respectively.

In relation to the tool life, SiO,- and TiN-coated
drills outperformed the uncoated one by a factor of
3.3 and 5.8 times, respectively. These results are
assigned to the thermal barrier promoted by the ceramic
coatings due to their high heat resistance and their
smaller friction coefficients.

For comparison, the number of holes in relation to the
VBgmax Was calculated for each tool. The “number of
holes/VBgmay~ ratio was 208 for the uncoated tool, 864
for the SiO,-coated (+ 315%) and 1811 for the TiN-
coated (+ 770%). SiO,-coated tool presented a remark-
able “number of holes/VBg,x~ ratio when compared to
the TiN-coated one, especially considering that the thick-
ness of the SiO, coating is approximately six times lower
than the TiN coating one. Thus, the SiO, coating perfor-
mance can be considered absolutely satisfactory.
Furthermore, the SiO, coating deposited by the sol-gel
method presents the advantage of using a simple process
which requires low processing temperature, and does not
need the vacuum stage.

The surface characteristics of the tools were analyzed
to determine the nature or mechanisms of wear, using
SEM and EDS techniques (Fig. 12). Different tool dam-
ages were observed, including flank wear (especially at
the outer corner of the drill), chipping (shown in the
white circle in Fig. 12b, c¢), and apparent rounding at
the main cutting edge.

The uncoated tool presented an accentuated flank
wear and outer corner flank wear, with rounding at the
main cutting edge (Fig. 12a). This drill exhibited a large
amount of adhered material near the main and second-
ary cutting edges and at the side clearance surface.
Flank wear was also observed in the SiO,-coated tool,
which presented adhered material in similar regions to
the uncoated tool, visually in smaller proportions. This
observation suggests that the coating could have been
removed in the contact between the chip and workpiece
surface after a certain number of drilled holes, which
should in turn increase the friction and facilitate the
adhesion. Indeed, it is known that multiple layers of
chips are deposited along the tool during the drilling
operation, and they are subsequently removed by abra-
sion, which can reduce the coating thickness at the
same time [25]. Small chipping was observed in the
main cutting edge of the SiO,-coated tool (Fig. 12b).
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Fig. 8 2D profilometry images of the holes’ inner surface for 55 m/min cutting speed and 0.25 mm/rev feed with a SiO,-coated and b TiN-coated drill
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Fig. 9 Effect of drill feed and tool over the hole average diameter

TiN-coated tool also presented flank wear and minor
chipping. Adhered material was not found in the side
clearance surface of the drill, which corroborates the
findings of Hedenqvist et al. [14] when mentioning that
TiN-coated tool could guarantee a shorter contact length
between the tool and the workpiece resulting in a low
adherence.

Uncoated

- = N

1mm

Final measurement

SiO,-coated

Final me@surement 1mm

Fig. 11 Number of holes and maximum flank wear (VBgy,x) of uncoated
and coated tools

SEM images with higher magnification and the EDS
spectra in the region of chipping shown in Fig. 13 sug-
gest that the coatings were removed and the substrate of
the HSS drills was exposed at the end of the drilling
test. Adhered material and exposed substrate in the
flank face can be explained by the contribution of the
attrition wear mechanism.

TiN-coated tool

e

Final measurement

Fig. 10 Initial and final measurements in the evaluation of maximum flank wear (40 m/min cutting speed and 0.25 mm/rev tool feed)
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Fig. 12 SEM images of the drill surfaces: a uncoated tool, b SiO,-coated tool, ¢ TiN-coated tool. Chipping highlighted by white circles (b and ¢)

Similar results were found by Rosa et al. [26] in
drilling tests using TiAIN-coated tools. The authors stat-
ed that the high normal pressure on the tool rake face,
together with the vibration, may have occurred in the
tool, leading to the extrusion of chips in the cutting
edge. This effect induced the presence of adhered ma-
terial in the worn area of the tool flank. The authors
also reported that a relative movement between work-
piece and tool takes place and generates a stick-slip
process, which in turn removes particles from the tool
(in a typical mechanism of attrition). Subsequently, the
edge weakens because of the wear, and an increase in
tool chipping follows consequently.

/

4 Conclusions

Si0,-coated HSS drills were prepared using the sol-gel
method and tested as for thrust force, hole inner surface
roughness (R,), hole mean diameter (D), and tool wear
(VBBmax)- The drilling results indicated that the SiO, coat-
ing achieved a performance significantly superior to the
uncoated tool. They also behaved close to the commercial
TiN coating per PVD process in some aspects. This result
is assigned to the lower friction coefficient of ceramic-
coated tools. Additionally, the SiO, coating presents a
much more straightforward fabrication process and a thick-
ness in the order of one-sixth of the TiN coating one.

Adhered material

Chipping
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Fig. 13 SEM images of the drill flank faces: a SiO, coated tool and b TiN-coated tool. EDS spectra from ¢ SiO,-coated tool and d TiN-coated tool in the

chipping regions
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The main findings of this study can be summarized as
follows:

*  ANOVA indicated that the drill feed and type of tool
significantly affected the thrust force. TiN tool obtain-
ed smaller thrust force in all tests; whereas the thrust
force for the SiO,-coated tool was lower than that of
the uncoated tool. SiO, and TiN coatings contributed
to a reduction of friction at the tool-chip and tool-
workpiece interfaces given their high heat resistance,
which in turn decreased the thrust force. On the other
hand, as the drill feed increases the chip cross-section
area enhances and the thrust force increases signifi-
cantly for all of tools.

* Regarding the average roughness of the hole wall, the
cutting tool presented significant influence by
ANOVA. The highest values for R, were obtained by
the uncoated drill. The presence of coatings improves
the hole quality, leading to lower R, values. The in-
crease in surface roughness as tool feed grows can be
explained by larger chip cross-section area. The hole
inner surface profile and topography produced by un-
coated and coated drills showed greater peak-to-valley
distance when tool feed is augmented, evidencing de-
terioration on the hole surface quality.

* The hole average diameter is significantly affected
by drill feed and type of tool. A smaller feed con-
tributed to higher contact time tool-workpiece and
thus increased dimensional variation. On the other
hand, the coatings contributed to minimize cutting
stresses, cutting temperature, and dimensional varia-
tions. Concerning SiO,-coated tool, hole dimensional
error was minimized around of 23 pum when com-
pared to that produced by uncoated drill.

e Uncoated, SiO,-coated, and TiN-coated tools exhibited
maximum flank wear of 0.39 mm, 0.31 mm, and 0.26
mm, respectively. The “number of holes/maximum flank
wear (VBpmax)” ratios were calculated, indicating a per-
formance 315% better for the SiO,-coated tool when com-
pared to the uncoated one.

* SEM analysis showed the presence of adhered materi-
al at the side clearance surface in uncoated and the
SiO,-coated tools. The flank wear was also evidenced
in all tools. Minor chipping and adhered material are
observed near the cutting edge to coated tools. SEM
and EDS analyses suggested that the coating was re-
moved and, consequently, the substrate of the HSS
drill was exposed, indicating the participation of the
attrition wear mechanism.

@ Springer

In summary, the SiO, coating presents competitive advan-
tages and the sol-gel method arises as a promising technique
to improve the performance of cutting tools. Among its ad-
vantages are the low cost of processing, low coating temper-
atures, and rapid and straightforward coating deposition, in-
cluding in tools with complex geometries such as twist drills.
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