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Al2O3 with 13 and 45 wt.% TiO2 microsized powders (6–22 and 13–41 μm for each chemical composition)
were used as raw materials to coat AISI 1040 steel by atmospheric plasma spraying. The mechanical proper-
ties of the coatings were measured by micro-indentation tests, and drilling experiments were carried out
using high speed steel (HSS) rotary drill bits of various diameters and varying the load on the drill bits. In
order to reduce the effect of the wear on the bit, a new bit was used for each test. According to the results,
the drilling test is proposed as a method of determining the mechanical properties of these coatings from
the correlation found between coating hardness and drilling resistance.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Drilling is amechanical processwidely used to perforate amaterial by
cutting it by means of a rotary bit. The pierce resistance of a material is a
function of itsmechanical properties and as such can be used tomeasure
its hardness. This process has been applied tometals successfully [1], but
is not frequently used for ceramic coatings even if drilling tests have been
carried out to characterize stone hardness versus depth and to evaluate
stone treatments [2–4].

This cutting process involves the contact between the surface to be
pierced and the drill bit so, therefore the drilling depth can be affected
by the mechanical properties of the surface to be drilled, as well as the
drilling parameters. This has motivated some researches that demon-
strate that drilling resistance depends not only on the surface material
hardness for ceramic materials such as stones [2–4], but also on the
toughness, ductility and microstructure for surface treated steels [1].

Studies on alumina–titania coatings' drilling resistance [5] found that
the phase and structure of the coating affected itsmechanical properties.
This was tested by comparing two different chemical composition of
coatings (alumina with 13 wt.% and 45 wt.% of titania) formed using
two different thermal spraying techniques (plasma and flame spraying).

The mechanical properties of materials deduced from instrumented
drilling tests could be an attractive alternative to determine ceramic
material hardness, toughness, and ductility. This would avoid the use of
more time-consuming hardness tests, saving time and money when
used in industry.

Building on previous research, the aim of this study is to evaluate the
factors that affect the drilling resistance of alumina–titania coatings not

considered before, such as the applied load during drilling test and the
diameter of the drill bit and correlate these factorswith the coating hard-
ness by a mathematical model.

Currently, mechanical properties of ceramic coatings made by ther-
mal spraying are measured using micro-indentation tests, also known
as Vickers tests. In these tests, an indenter is pressed into the material,
leaving an imprint. The length of the diagonals of the imprint on the
material after indentation is measured, otherwise, the area of the inden-
tation measured and related to a characteristic curve, which links the
depth of the imprint and the load applied [6–13]. In the imprint
produced by Vickers indentation, the elastic recuperation of thematerial
may lead to overestimating the calculated hardness value. Accurate
results from the Vickers test require knowledge of the elastic–plastic
behavior of the material being tested then it is important to be able to
identify the differences between elastic and plastic behavior [10], which
in some cases is not reachable by direct observation and the results
obtained keep as an approach. Researches on newer and simplermethods
becomes interestingmainly if they are appropriate to obtain reproducible
results useful to either quality control or comparemechanical resistances
and stiffness of materials [6–8].

1.1. Experimental procedure

1.2. Experimental set up and spray parameters

The Atmospheric Plasma Spray (APS) coatings were manufactured
using a Sultzer-Metco PTF4 torch, 7 mmanode-nozzle internal diameter,
using a mixture of argon and hydrogen (45/15 L/min) as a plasma
forming gas and a current intensity between 500 and 600 A. Powders
were injected externally of the anode nozzle using an injector of
1.8 mm in internal diameter, positioned at 3 mm downstream of the
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torch nozzle-exit and at 8 mm from the torch axis. Particles were carried
into the plasma jet by argon gas having a flow rate of 7 SLM and setting
the powder flow rate in 30 g/min. The standoff distance was 100 mm.
Prior to the injection of the powder, substrates were preheated to
about 300 °C with the plasma jet.

1.3. Powders and coatings characterization

Size distribution of the particles used to form the coatings was
determined by laser diffraction using a Malvern Master Sizer 2000.

The chemical composition of feedstock powders was determined
using an ARL OPTIM'X™ spectrometer of Wavelength-Dispersive X-Ray
Fluorescence (WD-XRF). Additionally, X Ray Diffraction (XRD) identified
the phases present within both powders and coatings using SIEMENS
D5000™ equipment. The percentages of crystalline phases were calcu-
lated by the Rietveld method using Maud software. The standard card
numbers of Joint Committee on Powder Diffraction Standard (JCPDS)
used to identify the phases present in feedstock materials and coatings
were 01-0751864 for α-Al2O3, 00-029-0063 for γ-Al2O3, 01-070-1434
for Al2TiO5 and the Crystallography Open Database number — COD
used to identify the Al6Ti2O13 phase was 2014754.

The coatings' thicknesses and microstructures were evaluated on
their cross sections using a JEOL JSM-6490LV and a PHILIPS XL30 Scan-
ning Electron Microscopes (SEM). The cross sections were prepared by
grinding using Buëhler APEX DGD Color grinds disk and then, polished
with a cloth wetted in both 3 and 1 μm in diameter diamond paste, to
obtain a smooth surface (Rab0.1 μm). The defects in the structure
of coatings were determined by image analysis, according to ASTM
E1920-03 and E2109 standards [14,15], with a NIKON™ Optical Micro-
scope. Images were processed with the Scion software.

The micro-hardness of coatings were calculated from twenty inden-
tations carried out on the surface of each coating, using a Shimadzu
Type M indenter, applying a load of 3.25 N during 15 s onto a Vickers
indenter, according to ASTM C1327-99 Standard [9].

Drilling tests were conducted on the as sprayed surface of coating
using a generic drill device retrofitted with a pneumatic automatic load
system, a digital drill depth indicator, a jet of air to eject debris, a sample
holder, and the HSS drill bits of varying diameters (6.35, 8.30 and
12.70 mm). It is presented in Fig. 1. The digital indicator allowed real
time measurements of the drill and the pneumatic system controlled
the load applied on the coated samples, which was kept fixed during
each test on 390, 290 and 190 N of force. The diameter of the drill bits
and the applied load were varied in order to produce different stress
values on the coatings (each condition – diameter of the drill bit and
applied load – was repeated three times) and then, these parameters

and the hardness of coatingswere correlated to drill depth using Statistix
[16] statistical software. In order to avoid the effect of wear on the drill
bit, for each test a new bit was used. The rotational speed was set to
360 rpm, the pressure of the air jet to eject debris was 60 psi and the
time for each test was fixed in 300 s.

1.4. Powders and substrates used

Four coatings using Atmospheric Plasma Spraying (APS) were fabri-
cated from Saint Gobain SG-106™, SG-107™, SG-108™ and SG-109™
powders onto AISI 1040 steel substrates. Particles constituting the pow-
ders of alumina with 13 wt.% TiO2, SG-106™ and SG-107™, had a size
distribution between 13–41 and 6–22 μm respectively and the size
distributions of the alumina powders with 45 wt.% TiO2, SG-108™ and
SG-109™, were 16–40 and 9–22 μm respectively (see Table 1). Particles
of these powders had an irregular shape with fracture patterns in its
surface indicating that they were produced by fusion and crushing.

The substrates were made of 6 mm thickness disk shaped AISI 1040
steel. Before spraying, they were grit-blasted with a corundum particle
jet in order to achieve an average roughness Ra≈5 μmand then cleaned
in a sonicated acetone bath to eliminate debris from the blast process.

1.5. Samples identification

To simplify the writing and the reading of the text, the coatings were
codified as A and B according to their chemical composition, A being the
AT-13 coatings fabricated from Al2O3–13 wt.% TiO2 powders and B the
AT-45 samples produced from Al2O3–45 wt.% TiO2 powders. Additional-
ly, numbers 1 and 2 are assigned according to the distribution sizes of the
particles used as rawmaterial, 1 being for coatings fabricated from coars-
er particles and 2 for coatings obtained from finer particles, this naming
convention is illustrated in Table 1.

2. Results and discussion

2.1. Microstructures and thicknesses of the coatings

The structure of coatings presented in Fig. 2 is constituted by the
classical characteristics of micrometer coatings as lamellas and non-
connected defects as pores (globular and irregulars), cracks and partial-
lymelted particles. Itwas observed that the porosity content is higher in
A coatings (10.6%±1.4 and 5.2±0.3% for A1 and A2, respectively)
fabricated from Al2O3–13 wt.% TiO2 powders than in the B ones
(3.5±0.3% and 3±0.6% for B1 and B2, respectively) made of Al2O3–

45 wt.% TiO2 powders. The highest porosity content in A coatings is
due to Al2O3–13 wt.% TiO2 powders have higher melt point than
Al2O3–45 wt.% TiO2 powders used to produce B coatings. This reduces
the fluidity of the sprayed particles for A coatings making difficult the
splats formation and its homogeneous piling up. The presence of cracks
ismore evident in the coatings fabricated from coarser particles (A1 and
B1) than those made of finer particles (A2 and B2) owing to a higher
stress level produced by coarser particles.

Fig. 1. Device used to carry out the drilling tests.

Table 1
Chemical composition and distribution size of Al2O3/TiO2 particles used.

Raw
material

Powder
code

Chemical composition [wt.%] Particles
size
distribution
[μm]

Al2O3 TiO2 Others d10 d90

SG-106™ A1 83.9±0.2 15.3±0.2 0.8 13.0 41.2
SG-107™ A2 84.7±0.2 14.3±0.2 1.0 6.3 22.1
SG-108™ B1 50.3±0.2 47.7±0.2 2.0 15.9 39.8
SG-109™ B2 55.2±0.2 43.1±0.2 1.7 8.8 22.3
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