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H I G H L I G H T S

• A hybrid approach for printing micro-wires on zirconia substrate were presented.

• The resistivity of the micro-wires was assessed by the four-probe method.

• The mechanical performance of zirconia before and after wire printing was presented.

• Laser technology was successfully used both to create channel and sinter silver powder inside them.
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A B S T R A C T

Smart implants are endowed with functions of sensing, actuating and control to solve problems that may arise
during their use. The assembly of these functions along the implant surface is still a challenge. However, with the
advent of 3D printing, it is possible to print on implants’ surface, communication channels or micro-antennas or
even sensoric/actuating areas. Hence, a positive impact on the long-term performance of the implants (including
hip, dental and knee) may be expected with the proposed approach. Despite titanium and Ti6Al4V titanium alloy
are the standard choice for implants fabrication, 3Y-TZP (tetragonal 3% mol yttria-stabilized zirconia) has
emerged as a ceramic material suitable to overcome titanium alloy problems, due to its numerous advantages. In
this sense, this work is concerned with the ability of printing silver-based communication system in zirconia
substrates by using laser technology. For this purpose, micro-cavities were created on ZrO2 substrate, where the
silver powder was placed and sintered into them. Through the laser approach, silver-based wires with great
quality and low resistivity values were achieved. The flexural strength results showed that the mechanical re-
sistance of zirconia disks was affected by laser micro-wire printing, which decreased as the laser passage was
performed. Based on the results, it is believed that the proposed approach seems to be effective for the manu-
facturing of implants with intrinsic capacities, useful for smart implant applications.

1. Introduction

Smart active implants incorporate functions of sensing, actuation,
and control in order to describe and analyze a situation and make de-
cisions based on the available data in a predictive or adaptive manner,
thereby performing smart actions [1,2]. These implants need to have
sensors, actuators, and communication cavities such as electrical wires
and antennas as illustrated in Fig. 1.

However, the assembling of these elements along the implant sur-
face is difficult and will modify some desired characteristics of the
implant for implantation, osseointegration, etc. Nevertheless, with the
advent of 3D printing, mainly with multi-material approaches, it is
possible to print, layer by layer, implants where a communication
system, mimicking the central nervous system of lining bodies, local
materials as sensors or actuators, such as piezo electric materials (for
instance BaTiO3), among other, may be successively printed giving rise
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to a component with an internal communication array of wires and
local surface areas with ability to sense (temperature, PH, etc.) and or
actuate (with electrical potentials, volume changing). It is also possible
to print, on the implant’s surface, communication cavities, or micro-
antennas, or even sensoric/actuating areas.

This new concept of one component active implant with intrinsic
smart functions, similar to biological bodies, is being investigated and
manufactured with new complex multi-material 3D printing, which is
shown in Fig. 2.

Although titanium and its alloys are the standard choice for bio-
medical implants fabrication, tetragonal 3 mol% yttria stabilized zir-
conia (3Y-TZP) has arisen as a promising and eligible ceramic material
for implants fabrication to overcome metal ions release and allergi-
c reactions provided from titanium implants which compromise their
durability. The main advantages of using zirconia is due to its high
chemical and dimensional stability, mechanical strength, relatively
good toughness, and low bacterial affinity [4,5].

Until this moment, the studies are focused on dental implants, in
which several investigations have demonstrated a good performance of

zirconia implants when compared to titanium alloy [6–8]. Several in
vivo and in vitro investigations of soft tissue responses around zirconia
revealed comparable or even better healing response, less inflammatory
infiltrate and reduced plaque adhesion on zirconia compared to con-
ventionally pure titanium [9–11]. Despite this, the drive towards
ceramic implants to satisfy the increasing aesthetic demands and metal-
free request is fraught with compromise. According to literature, there
is still no valid scientific data available to recommend the routine
clinical use of zirconia implants since the majority of the studies are
either case reports or case series with a limited number of participants
and short-term follow-up periods [8]. Furthermore, since zirconia is a
brittle material with significant sensitivity to the surface defects, good
control of quality during the manufacturing process is a necessity to
enhance the long-term performance of the zirconia implants [12,13].
Based on the foregoing, this work is concerned with the ability of
printing silver-based communication system in zirconia substrates by
using laser technology.

Fig. 1. Schematic illustration of a zirconia implant with smart devices printed along the implant surface. Modified from [3].

Fig. 2. Illustrative scheme of the manufacturing steps of the micro-wires by 3D printing.
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2. Materials and methodology

2.1. Zirconia disks fabrication

A commercial powder of 3% mol yttria stabilized zirconia – 3Y-TZP
(TZ-3YSB-E Tosoh Corporation, Japan) having a mean agglomerates
size of 60 µm and containing small crystallites of about 36 nm in dia-
meter was used as feedstock to produce zirconia disks by press and
sintering technique. Fig. 3a and b present the Scanning Electron Mi-
croscopy image of TZ-3YSB-E powder in agglomerate form and the
cumulative weight distribution curve as a function of powder size
(according to manufacturer), respectively.

The pressing of the TZ-3YSB-E powder was performed on a steel
cylindrical mold with an internal diameter of 18 mm and 30 mm of
height. First, 2.0 g of TZ-3YSB-E powder was placed into the mold and a
pressure of 200 MPa was applied for 30 s [13,14]. After that, the zir-
conia disks were sintered using a high-temperature furnace (Zirkonofen
700, Zirkonzahn, Italy) with a sintering temperature of 1500˚C, a
heating and cooling rate of 8 ˚C/min and 2 h of holding time. After
sintering, zirconia disks with 14.4 mm in diameter and 1.8 mm thick
were obtained. All disks were ultrasonically cleaned in isopropyl al-
cohol for 10 min. to remove any loose debris or surface contamination.

2.2. Micro-cavities production

2.2.1 Surface laser texturing

A pulsed Nd:YAG laser (OEM Plus, working in wavelength of
1064 nm) with an output power of 6 W and a spot size of 3 μm was used
to produce the micro cavity in the surface of a 1.8 mm thick ZrO2 disk.
Fig. 4 shows a schematic illustration of the experimental set-up of the
laser processing. Firstly, the cavity was defined by using a computer-
aided design system and then, it was engraved on the zirconia surfaces.
The width of the cavity was projected to have 200 µm, as indicated in
the Fig. 4a. To create the micro cavity, the laser beam progresses
through spiral lines (which are represented by Fig. 4b. These spiral lines
are separated with a distance (designated by spacing line) which in
turn, vary from 10 to 50 µm, as presented in Fig. 4b. The laser speci-
fications are tabulated in Table 1.

Fig. 5 presents a diagram that illustrates the definition of the
overlapping of laser spots at the focusing plane of the converging lens.

The number of pulses is 12 and the overlapping percentage of two
consecutives pulses is 91,6%. Both values were obtained through Eq.
(1) [14] and (2) [15], as following. The laser parameters used in the
Eqs. (1) and (2) are presented in Table 1.

= ω
d

N 2
(1)

where N is the number of pulses, ω is the laser spot radius, d is the
distance between consecutive laser pulse.

= − × =O D d
D

d v
f

% 100
(2)

where v is the scanning speed and f is the laser pulse repetition
frequency.

Three laser scanning parameters were varied in this study, namely
laser power, scanning speed and number of passes, in order to evaluate
(i) their influence on the quality of the cavity, (ii) the amount of ma-
terial re-solidified and (iii) the depth achieved. Laser power represents
the laser beam energy delivered per pulse in Watts; the scanning speed
is the marking speed at the leading edge of the beam front in mm/s and
the number of passes corresponds to the number of scans carried out by
the laser during the process, which will affect the depth of the groove.
Thus, in this study, the energy density was kept constant while the
other parameters varied. Table 2 shows the combination of parameters
used in this work.

The laser energy density (E) was calculated for each condition
through the equation below:

= ×E P n
v (3)

where P is the laser power, E is energy density in J/mm2; n is the
number of passes and v is the scanning speed in mm/s.

For each condition, there is a parameter combination in which the
energy density corresponds to the same value, 20 J/mm2. The defini-
tion of this energy density value was based on the results available in
literature [12,13].

2.3. Micro-wire printing

In the silver (Ag) wire printing, silver powder (≥99% pure) with an
average grain size of 230 nm, from Metalor Technologies-USA, was
deposited and compacted into the micro-cavity on ZrO2 substrate. After
the deposition, the powder was compacted by using a pressure of 8 MPa
to ensure the total accommodation of the powder into the micro-cavity.
The excess of the powder on the surface was removed through polishing
with P800 grit SiC paper. In order to consolidate the powder into the
micro-cavity, a pulsed Nd:YAG (Sisma − 1064 nm of wavelength) with
a spot size of 0.3 μm and 100 J of maximum energy has been used. An
energy of 10 J was used in all the samples and the process was ac-
complished with argon, an inert gas, in order to prevent silver oxida-
tion. This value of energy was chosen as the best condition to melt the
powder with fewer defects after several parameters’ tests. To subject the
silver powder to laser beam, the samples were put into the work
chamber and the laser beam was focused on the micro-cavity (filled by

Fig. 3. TZ-3YSB-E powder: (a) SEM image and (b) cumulative weight distribution curve as a function of size (according to manufacturer).
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silver powder) to be welded. For sintering process, a dual axis auto-
matic worktable was used to position the zirconia disk and for scanning
all the cavity in an automatic way, as illustrated in Fig. 6.

The silver wires were characterized by Scanning Electron
Microscope (SEM - FEI Nova 200) to evaluate the quality of the wire, in

Fig. 4. Scheme illustrating the experimental set-up of the laser processing (a and b).

Table 1
Nomenclature and values of laser parameters.

Laser parameters

Number of pulses - N 12
Radius of laser beam spot size -ω 1.5 µm
Distance between consecutive laser pulses - d 0.25 µm
Overlapping percentage - O 91.6%
Spot diameter - D 3 µm
Scanning velocity -v 5 mm/s
Laser pulse repetition frequency - f 20 KHz

Fig. 5. Depiction of overlapping of laser beams and definition of beam over-
lapping in the laser micromachining process.

Table 2
Laser parameters combination.

Pack 1

Sample Power
(W)

Scanning speed
(mm/s)

Number of passes

ZrP1.1 6 5 1
ZrP1.2 3 5 2
ZrP1.3 1.5 5 4
ZrP1.4 0.75 5 8
ZrP1.5 0.375 5 16
ZrP1.6 6 25 5
ZrP1.7 3 25 10
ZrP1.8 1.5 25 20
ZrP1.9 0.75 25 40
ZrP1.10 0.375 25 80
Pack 2
ZrP2.1 6 50 10
ZrP2.2 3 50 20
ZrP2.3 1.5 50 40
ZrP2.4 0.75 50 80
ZrP2.5 0.375 50 160
ZrP2.6 6 100 10
ZrP2.7 3 100 20
ZrP2.8 1.5 100 40
ZrP2.9 0.75 100 80
ZrP2.10 0.375 100 160
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terms of densification. Energy Dispersive Spectrometer (EDS) was per-
formed to verify the presence of silver oxidation.

2.4. Electrical resistivity of the wires

In order to evaluate the electrical conductivity of the printed silver
wires, the four-point probe method has been used. A schematic illus-
tration of this method is presented in Fig. 7. In this method a current is
passed through the outer probes and induces a voltage in the inner
voltage probes, resulting in a I × V curve. The range of applied current
was 0.01 to 0.1 Ampère.

The electrical performance was evaluated by comparing the re-
sistivity (ρ) obtained by the application of Eq. (4), [16]:

=ρ R A
L (4)

where ρ is the resistivity, R is the resistance measured on the wire, L is
the distance between each probe, and A is the cross-sectional area of the
Ag wire. To obtain accurate resistivity, the actual cross-sectional area
was assumed to be a uniform wire with approximately 200 µm of dia-
meter. This equation for the resistivity calculation is the most adequate
because as the wire is deposited in an insulating substrate, the con-
ductivity is supplied by the metal present, since all the current flows
through the wire.

2.5. Ball-on-three-balls (B3B) tests

In order to evaluate the effects of the silver wire printing on the

zirconia surface regarding mechanical performance, the flexural
strength of the samples was measured using the ball-on-three-balls test.
The tests were done before the laser irradiation (as sintered sample),
after the micro-cavity production by laser and after the silver wire
printing on the cavity. The samples were then divided into three
groups:

1. Zirconia samples as sintered (ZrAS);
2. Zirconia samples with a micro-cavity produced by laser (ZrP2.7);
3. Zirconia samples with a micro-cavity produced by laser containing a

silver wire within the micro-cavity (ZrP2.7_Ag).

Tests were performed at room temperature (~23 °C) in a servohy-
draulic machine (Instron 8874 MA, USA), equipped with a 25 kN ca-
pacity load cell at a loading rate of 1 mm/min. In the test, the intended
side of the sample was positioned in the sample’s holder on top of the
three supporting steel balls equidistant from its center. The opposite
surface was centrally loaded by a fourth ball coupled to the pin cross-
head of the testing machine. The test started from a small preload and
then the load increased until sample fracture. After that, the fracture
load was recorded and the maximum tensile stress σ( )max , that occurs in
the centre of the sample, on the opposite side of the loading ball, was
calculated according to the Equation (5) [17,18]:

⎜ ⎟= ⎡⎣⎢ + + + ++ ⎛⎝ + ⎞⎠⎤⎦⎥σ F
t

c c c t R c t R c t R
c t R

c R
R

( / ) ( / ) ( / )
1 ( / )

1max
a2 0

1 2 3 2 4 3

5
6

(5)

where F is the maximum force at fracture (N), t the sample thickness
(mm), R the sample radius (mm), Ra the support radius (Ra = 5 mm),
and the parameters c0 to c6 refers to fitting factors for the geometrical
correction term (c0 = -17,346 c1 = 20,774 c2 = 622.62 c3 = 76.879
c4 = 50.383 c5 = 33.736 c6 = 0.0613). According to Borger et al. [18],
the parameters for c0 to c6 depend on the Poisson’s ratio, which for
zirconia (t-ZrO2 with 3 mol.% Y2O3) corresponds to ʋ = 0.31 ± 0.01
[19]. After B3B tests, the fracture surfaces were analyzed by Scanning
Electron Microscopy (SEM – FEI Nova 200). For this analysis, the
samples were coated with an Au/Pd layer of 3 nm of thickness.

3. Results and discussion

3.1. Surface morphology of the laser micro-cavity

Fig. 8(a and b) shows the scanning electron micrographs of the laser
textured surface of ZrO2 processed in air. Fig. 8a and b represent the
textured surfaces produced from Pack 1 and Pack 2 conditions, re-
spectively. Each micrograph is compound by a group of 5 micro-cav-
ities, with a width around 200 μm, wherein each one was built by
periodic lines spaced with different values: from 10 to 50 μm - as can be
seen in Fig. 4a. For each combination of parameters, the value of energy

Fig. 6. Schematic representation of the micro-wire printing process.

Fig. 7. Schematic representation of the four-probe method.
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density is the same and it was chosen based on the reported undesirable
effects (such as micro-cracks propagation, spatter and heat-affected
zone) after laser irradiation of zirconia surface, in an attempt of mini-
mizing such effects.

However, by analyzing the SEM images in Fig. 8 it is possible to see
that each parameter combination results in different surface changes,
which means that each parameter has an important role in the surface
modification.

In general, the laser scanning produced tracks of approximately
250 μm of width formed by overlapped lines and, for the same energy
density, different surface morphologies can be obtained by combining
different laser parameters. According to the images in Fig. 8, the line
spacing above 40 μm did not result in a micro-cavity formation, but a
set of spaced tracks. However, for printing the wire, it is necessary to
create a clean micro-cavity with considerable depth and therefore, only
conditions 20 and 10 μm of spacing lines met these requirements. By
analyzing the other parameters, in pack 1, from condition ZrP1.6, by
increasing the scanning speed, the groove becomes cleaner and presents
higher depth. However, in the conditions in which the scanning speed is
lower (ZrP1.1 to ZrP1.5), the decrease of laser power is compensated by
the increase of laser passes, resulting in micro-cavities with a great
amount of re-solidified material droplets (debris) accumulated into the
tracks. On the other hand, in pack 2, in which the scanning speed is
higher, and more laser passes were performed, damaged surfaces were
obtained in the conditions ZrP2.1 and ZrP2.2, presenting microcracks
and holes on the surface, since higher output power is used. In general,
only two conditions tested in this pack resulted in a desirable micro-

cavity (ZrP2.6 and ZrP2.7), from the combination of high scanning
speed and laser power with less laser passes. This result was already
mentioned in previous studies, which reported the observation of mi-
crocracks on the zirconia surface after Nd:YAG treatment [20–22]. The
presence of microcracks is a consequence of thermal gradients provided
by rapid cooling during the laser irradiation. In literature, different
methods to machining ceramics by laser for defect-free have been
tested, for instance, underwater processing [23,24].

When the laser beam reaches a ceramic surface, physical phe-
nomena take place, namely reflection, absorption, scattering and
transmission. Absorption is the vital of all the effects, it is the interac-
tion of the electromagnetic radiation with the electrons of the material
and it depends on both the wavelength of the material and the spectral
absorptivity characteristics of the ceramic being machined [25]. Fur-
thermore, as the thermal conductivity of ceramics is generally less
comparing to the majority of metals, the energy absorption takes place
faster in ceramics and all the incident energy is immediately absorbed
by the ceramic for the machining process [25–27].

Thereby, when the material is subjected to large enough incident
laser energy, the temperature of the surface can surpass the boiling
point of the material promoting rapid vaporization and subsequent
material removal by the process referred to as ablation. This process
takes place when the minimum energy required to remove material is
achieved, and it depends on the interaction between the photo-thermal
and photo-chemical (bond breaking) mechanisms [25].

Fig. 8. SEM micrographs of top surface of laser textured ZrO2 with different parameters combination: (a) pack 1, (b) pack 2. Each textured area has 5 set of micro-
cavities formed by lines spaced with different values: from 10 to 50 μm (from left to right). The magnification is 80x and the bar corresponds to 200 µm for all the
micrographs.
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3.2. Silver wire printing

After studying laser parameters for the micro-cavities production on
zirconia surface, the condition ZrP2.7 was chosen for printing the
micro-wire, since this condition resulted in a cleaner micro-cavity with
a desirable depth. Fig. 9a presents SEM micrographs of the micro-cavity
obtained after laser machining, before the silver wire printing. Fig. 9b
and c show the micro-wire printed into the cavity through laser sin-
tering process.

As can be observed, the silver powder grains were apparently
melted and spread to completely merge together with neighboring
grains. However, regions where the powder was not fully consolidated
is also observed, as well as zones with necks formation between the
particles. In laser sintering, localized energy is deposited, in which the
powder is selectively irradiated and locally sintered, while the non-ir-
radiated part of the laser stays unconsolidated [28], as occurred in our
case. Another important aspect regarding laser sintering is related to a
very steep temperature gradient that is generated due to the fast
heating and cooling rate during the process. Because of the temperature
gradient, during laser sintering of the wire, thermal stresses are gen-
erated due to the expansion restriction of the heated top layer, pro-
moting compressive stresses. On the other hand, there is a contraction
of the top layer of the metal powder, while the laser scans the surface,
which is also restricted by the surrounding area, leading to tensile re-
sidual stress, being accumulated and resulting in cracks formation and
delamination [29,30]. The EDS analysis of the silver wire (Z1), pre-
sented in Fig. 10, confirms the presence of the Ag element and the
absence of oxygen.

3.3. Electrical resistance measurements of the wires

After silver wire printing in the zirconia surface, electrical mea-
surements were performed in order to evaluate their ability to conduct
electrical current. For this purpose, the four-point probe method has
been used by applying an electrical current and measuring the voltage
resultant. Fig. 11 presents the VxI curves of three samples prepared
with the same conditions and their respective resistance values.

Thus, assuming a uniform wire with known dimensions, the re-
sistivity (ρ) of the silver wire can be calculated through VxI curves by
using Eq. (2) and the values are presented in Fig. 11. The values of
electrical resistivity for zirconia and silver at room temperature,

Fig. 9. SEM micrographs of: (a) Micro-cavity before the silver wire printing, obtained after laser machining. (b) and (c) Micro-wire printed into the cavity through
laser sintering process, with marked zone (Z1) for EDS analysis.

Fig. 10. EDS analysis of the silver wire marked as Z1 on Fig. 9b.1.
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according to literature are 1012 [31] and 1.6 × 10-8 ohm.m [32], re-
spectively. According to the results, the electrical resistivity values for
the produced wires presented one order of magnitude higher than the
theoretical value of silver. This outcome was expected since imperfec-
tions (such as impurities and discontinuities), resulting from the sin-
tering process, may hamper the mean free path of electrons, con-
tributing for the resistivity increase. Such imperfection can be also
related to the presence of porous. As it is well-known the sintering
process is the atom diffusion driven by internal and external energies or
forces. A denser microstructure would enhance the electrical con-
ductivity, which indicates that good densification in the sintering pro-
cess is a key to secure better electrical properties [33].

To date, the process of printing electronic devices and circuits in
insulator substrates is already quite developed. However, the main
processes of manufacturing involve high temperature and pressure in
traditional sintering approaches, which are not tolerated by the soft
substrates commonly used. Although several room-temperature and
pressureless methods have been proposed, these methods are based on
the use of chemical agents, compromising the electrical performance
[33–36]. Thus, works related with printing local conductive cavities by
using a single method (laser technology) are very scarce. Our proposed
method allows, through a single technology, to print conductive wires
on the surface of a zirconia implant, endowing it with diverse cap-
abilities. The micro-wires printed by this methodology presented de-
sirable electrical performance for the intended application.

3.4. Flexural strength results

In order to evaluate the influence of the micro-wires printing on the
mechanical strength of zirconia, ball on three balls tests were per-
formed. The laser irradiation is known to affect the ceramics mechan-
ical properties and, therefore, zirconia substrate was tested before and
after each laser modification [37]. Despite its importance, in literature,
studies related to this aspect are very scarce. In Noda et al. [38], they
presented the characterization of the surface damages of zirconia irra-
diated by Nd:YAG laser and the microstructural changes. The results
revealed that cracks were formed after laser treatment and oxygen loss
occurred. However, any mechanical property has been investigated in
their study. Carvalho et al. [39] also presented an investigation re-
garding the influence of laser parameters and irradiation atmosphere on
ZrO2 surface. The main objective was to create cavities and functio-
nalize them with bioactive materials for zirconia surface bioactivity
improvement. Despite their satisfactory results of bioactive adhesion,
the mechanical properties of zirconia after laser irradiation was not
assessed.

According to the ISO 13356:2008 (Implants for surgery – ceramic
materials based on yttria-stabilizes tetragonal zirconia (Y-TZP)), the

flexural strength of zirconia should be ≥500 MPa [40]. In Fig. 12 are
shown the mean flexural strength values obtained from the B3B tests for
each group of samples as well as the corresponding fractured samples.

Analyzing the obtained results, a flexural strength value of
795 ± 87 MPa was obtained for ZrAS samples, which is in agreement
with the standard defined by the ISO 13356:2008. Within the laser ir-
radiated samples, there was a decrease in flexural strength values from
523 ± 16 MPa to 422 ± 43 MPa for ZrP2.7 and ZrP2.7_Ag samples,
respectively. Additionally, by comparing flexural strength values of
ZrP2.7 and ZrP2.7_Ag samples with ZrAS samples, a decrease was
verified. This means that the mechanical resistance of zirconia was
affected by the laser surface irradiation. Despite this reduction on the
flexural strength values, it is important to highlight, that the value of
ZrP2.7 samples is within the standard defined by the ISO 13356:2008.
Regarding the ZrP2.7_Ag value, this found below of the one defined by
the ISO 13356:2008. Reasons may lie on the fact of surfaces have been
subjected twice times to the laser irradiation (laser ablation and laser
sintering processes), while in the case of ZrP2.7 samples the surfaces
were irradiated by laser one time in the step of micro-cavity production
(laser ablation process), therefore, the mechanical performance was less
compromised. Additionally, it is worth noting that the flexural strength
value stated by the ISO 13356:2008 is defined for a zirconia sample
without any surface treatment and in our study, the surface of the
samples was irradiated by laser. Thus, it is expectable a decrease in
flexural strength values after laser irradiation. Although Nd:YAG pulsed
laser has demonstrated to be adequate to scan the ceramic surface, due
to the fast heat and cooling generated in laser scanning, the ceramic
surface is damaged.

Fig. 13 presents the fracture surface of each group of samples. It can
be seen from Fig. 13a and b that, in all group of samples, the failure
started from the bottom part of the samples, which corresponds to the
tensile surface in the B3B test. The fracture surfaces exhibited typical
fracture patterns of ceramic materials [41]. Additionally, it can be ob-
served from Fig. 13 that the fracture surfaces revealed the absence of
detectable porosity within the samples.

4. Conclusions

This study proposes a novel approach for fabrication of zirconia-
based implants with intrinsic capacities, through the laser printing of a
communication system. Laser was employed as a versatile tool for
modifying the material surface, whether to create the micro-cavities, in
a subtractive way, and for consolidate the micro-wires, in an additively
way. The micro-wires printed by the proposed method exhibited low
values of electrical resistance and a resistivity of 10-7 Ω.m, being a

Fig. 11. VxI curves with the resistance and the electrical resistivity values of
each sample measured. Fig. 12. Mean flexural strength obtained from the ball-on-three-balls (B3B) test

and the corresponding fragments of broken ZrAS, ZrP2.7 and ZrP2.7_Ag sam-
ples.
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conductor path to the electrical flow.
The flexural strength of zirconia presented a decrease as the laser

passage was performed, from 795 to 523 and 422 MPa, for the “as
sintered” sample (ZrAS), for the sample with the micro-cavity (ZrP2.7)
and for the sample after the micro-wire printing (ZrP2.7_Ag), respec-
tively. According to ISO 13356:2008, the samples after the micro-wire
printing presented a value of flexural strength just below the standard
requirement of 500 MPa. However, further mechanical tests could be
performed to allow a deeper understanding of the laser action on the
zirconia surface.
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