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bstract

he modification of ceramic surfaces by directional laser melting is interesting because it can eliminate surface defects and thus improve the
eramics mechanical performance, as long as one prevents the formation of cracks. The feasibility of surface modification by laser-assisted melting
n large t-ZrO2–Al2O3 eutectic ceramic pieces was evaluated in this work. 0.4 mm thick, defect-free, resolidified layers were obtained on plates of
0 mm width by preheating at 1200 ◦C and processing at 1000 mm/h with a line-shaped CO2 laser beam and 580 W/cm2 irradiance. The surface finish

as smooth, free from overlapping-track roughness. The resolidified layer had eutectic microstructure with lamellae-type Al2O3 and tetragonal
rO2(t-ZrO2) colonies. The fracture tests of the samples confirmed the absence of crack-type resolidification defects and the removal of surface
efects. Although no increase in average flexural strength was observed for surface resolidified samples, they showed significantly lower standard
eviation.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The laser surface melting of a eutectic ceramic gives the
ossibility to modify surface properties and eliminate criti-
al surface defects that may result in the improvement of the
echanical performance of the whole ceramic body. Laser melt-

ng and resolidification of ceramic surfaces has been used in the
ast with the objective of sealing porous ceramic refractories,1–4

hanging the wettability of the surface,5 increasing wear
esistance,6,7 modifying tribology properties,8 repairing of
ocalized manufacturing defects,9 texturing the surface layer,10

roducing functional coatings on ceramics,11 or modifying the
ore architecture and thermophysical properties of thermal bar-
ier coatings applying a combined plasma spraying with in situ
aser remelting process12,13 etc. It is difficult, however, to com-
letely suppress crack development during processing, because
f the large thermal gradients that the brittle material is subjected
o during extremely localized heating by the laser beam. One of
he obvious solutions to minimize these large thermal gradients
s to perform the preheating of the zone or of the whole sub-

trate to be treated. Zum Gahr and colleagues14 were the first
nes to explore this approach. They used furnace preheating of
l2O3 based ceramics (porous and relatively dense, TD ∼ 95%)

∗ Corresponding author. Tel.: +34 976 761333; fax: +34 976 761229.
E-mail address: rmerino@unizar.es (R.I. Merino).
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p to 1500 ◦C and observed significant reduction of process-
ng cracks. Bradley et al.15 employed a different preheating
pproach based on direct zone preheating with oxygen/acetylene
ame. As a result they obtained crack-free densification of
l2O3 based refractory materials. Triantafyllidis et al.16 tried
ual laser beam heating (one laser for preheating and another
or melting) but encountered difficulties in reproducibility asso-
iated to the requirement of precise laser beam alignment. More
ecently, these authors explored the possibility of using wider
aser beams (up to 12 mm in diameter) together with relatively
ow processing speeds (around 0.4 mm/s) without the need for
reheating and found a window for melting where crack for-
ation was avoided.17 Large production rates are achieved,

ccording to the previous reports, by combining ca. 3–10 mm
ide laser beams with processing speeds above 0.4 mm/s so

hat 2000 cm2 can be processed in 1 h by successive track scan-
ing. Although due to the nature of the substrate and because the
olidification rate of the processed layer is high, the solidified
rystals form dendrites and, quite frequently, generate interden-
ritic contraction porosity. Recently, Campana et al.18 attained
urface melting and resolidification of porous eutectic ceramic
ubes without the need of preheating, only at conditions where
he resolidified layer was very thin (30 �m). Traverse solidi-

cation rates around 400 mm/h were used, which are in the
ange of coupled eutectic growth of oxide eutectic ceramics
10–1000 mm/h19). Cooling of the melt in this case was dom-
nated by large forced convection. Although, as observed by

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.017
mailto:rmerino@unizar.es
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arrea et al.20 in the resolidification of Al2O3–YSZ eutectic
eramics, if thicker resolidified cermet layers are needed, pre-
eating is unavoidable for this method.

A number of studies performed on directionally solidi-
ed oxide eutectics show improved mechanical behaviour at
oom and high temperatures due to the combination of a fine
omogeneous microstructure together with clean and strongly
onded interfaces.19,21,22 Laser-assisted surface melting of
utectics has been applied to Al2O3–YSZ,20,21 Al2O3–YAG,23

iO–CaSZ24 oxide systems and, more recently, to non-oxide
ystems,25 and their microstructure evaluated. In particular,
racture toughness23 and wear resistance6 of laser treated
l2O3–YSZ eutectic composition has been studied since the fab-

ication of smooth, 10 mm wide crack-free ceramic samples has
een achieved using a high power diode laser with a line-shaped
eam. Dense ceramic substrates (95% TD) in this case were
reheated to a temperature of 980 ◦C with a home-made small
eating furnace coupled to the laser system. Al2O3–zirconia
utectics have another extra advantage to this technique, as the
ompound can be melt processed in air without severe bubble
rapping in a wide range of solidification conditions.

A line-shaped laser beam remelting approach combined with
elatively low solidification rate required to obtain a suitable
utectic microstructure may be too slow a process for indus-
rialization. Consequently, more intense laser beams, focused
nto longer line-shaped beams, are desirable. Moreover, as the
ull sample surface width is simultaneously covered by the
ocused laser line under these conditions, no surface curva-
ure is generated due to the overlap of drop-shaped tracks, and

acroscopically smoother surfaces can thus be fabricated. The
mplementation of this approach is, however, limited due to diffi-
ulties in the dimensional scaling of substrate to be treated. That
s, large eutectic composition substrates should be gradually pre-
eated to a desired laser treatment temperature and cooled down
ithout deterioration. Estepa and de la Fuente26 have recently
atented a continuous furnace for laser processing ideally fit-
ing this purpose and making it possible to process large planar
urface areas.

The resistance of a dense ceramic material to thermal stress is
trongly dependent on sample size and in the present case on the
idth of the sample to be processed. Wider samples processed
ith longer line focussed laser beams require even more careful

ontrol of preheating.
This study is addressed to optimize the preheating conditions

f directional laser resolidification on wide and dense ceramic
utectic surfaces in order to minimize thermal shock and to
btain large defect-free surfaces with eutectic microstructure.
btained microstructure observation was performed to evalu-

te the resolidification process. Possible deterioration of the
btained substrates due to the presence of thermal shock was
valuated by means of fracture tests.
. Experimental

The eutectic composition ceramic substrates were produced
y slip casting using porous plaster moulds. Stable water based

d
T
t
n

ig. 1. Schematics of substrate treatment with laser quasi-continuous line (a)
nd experimental set-up of laser zone melting process (b).

uspensions loaded with 30 vol.% solids loading and polyacrylic
cid based polyelectrolyte (PAA, Duramax D-3005, Rohm and
aas, USA) as a stabilizing agent were prepared with tetrago-
al zirconia–alumina (t-ZrO2–Al2O3) eutectic composition. In
rder to increase the optical absorption in the near infrared and
hus to have the possibility to use different type of laser sys-
ems including a high power diode laser on the same samples,
he eutectic composition was doped with Mn2O3. The compo-
ition of the oxide mixture was as follows: Al2O3 62.95 mol.%,
rO2 35.89 mol.%, Y2O3 1.11 mol.% and Mn2O3 0.05 mol.%
s dopant. �-Al2O3 (Ceralox, HPA-0.5, USA), with mean parti-
le size of 0.35 �m and specific surface area of 9.5 m2/g, t-ZrO2
tabilized with 3 mol.% Y2O3, (TZ3YS, TOSOH, Japan), with
mean particle size of 0.4 �m and a specific surface area of

.7 m2/g, and Mn2O3 (Sigma–Aldrich, 99.5%) were used as
tarting powders. After slip casting and drying in air for 24 h,
he obtained substrates reached ∼54% of theoretical density
nd were machined to the desired geometry. Sintering was car-
ied out using heating and cooling rates of 2 ◦C/min up to the
intering temperature of 1550 ◦C and a dwell time of 2 h. No sub-
tantial warping of plates upon densification was observed thus
o further machining was needed. The final substrates reached
8% of theoretical density (ρsintered = 4.5 ± 0.1 g/cm3) with final
pproximate dimensions of 40 mm × 40 mm × 6 mm.

The directional laser surface melting process was performed
sing a Rofin-Sinar 350 W SLAB-type CO2 laser emitting at a
avelength of 10.6 �m. The laser beam was directed through

n optical system of lenses and mirrors to form a continuous
ine (Fig. 1a) of adjustable length (up to 70 mm, along the Y-

irection) and fixed thickness (1 mm along the X-direction).
he focusing system employed has a large focal length so as

o allow reaching samples treated inside a high temperature fur-
ace (Fig. 1b) without causing thermal damage to the laser and
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djacent equipment.26 The line had a uniform power density dis-
ribution along the Y-direction and was incident at a normal angle
o the sample and in the orientation shown in Fig. 1b. The stage
ravelling speed (traverse rate) was established at 1000 mm h−1.
rocessing was carried out on preheated samples to tempera-

ures between 1000 and 1200 ◦C with preheating and cooling
own rates of ∼20 ◦C/min.

Plates with a resolidified eutectic layer were ground from
he opposite side of the sample in order to obtain a final thick-
ess of 3 mm (Z-direction, Fig. 1a). In addition, they were cut in
he transversal orientation to the laser line pass (YZ plane cuts,
ig. 1b) to obtain 40 mm × 4 mm × 3 mm geometry samples.
ample corners on the resolidified eutectic layer side (sub-

ected to tensile stress during the flexure strength test) were
rounded to avoid fracture initiation from defects related to
nal sample preparation steps. Reference samples with the same
eometry were prepared from as sintered substrate plates with-
ut the directional laser resolidification treatment. The same,
bove described, fracture strength sample preparation procedure
as applied, leaving the as sintered substrate surface to be sub-

ected to tensile stress during the flexure strength test. Flexure
trength was evaluated using a self-aligning three-point bend-
ng test configuration with a 30 mm span between supporting
ods in an Instron 4505 servo-mechanical testing machine. All
ests were performed in air under stroke control at a cross-head
peed of 0.05 mm/min. The average flexure strength values were
alculated from the maximum load recorded in the test for five
amples as long as that the fracture started in the nearby zone
ubjected to maximum tensile stress and taking into account the
ross section geometry of each sample. The reported error is the
tandard deviation.

The microstructure of solidified eutectic layers and fractured
urfaces were characterized using a JEOL JSM6400 scanning
lectron microscope (SEM). Obtained microstructure in XZ-
lane was characterized using sample sections polished down
o 1 �m.

. Results and discussion

In previous attempts, laser resolidified t-ZrO2–Al2O3
eramic surfaces with larger than 1 cm in width geometry and
reheated to 980 ◦C exhibited large scale defects due to thermal
hock effects. The extensive cracks observed propagated along
he longitudinal direction (parallel to the sample travelling direc-
ion, X-axis) throughout the whole eutectic ceramic substrate. As
possible solution to this drawback, preheating of the samples
ithin the 1000–1200 ◦C temperature range was chosen.
A preheating temperature of 1000 ◦C resulted insufficient to

void thermal shock damage. Extensive cracking of the ceramic
ubstrates during remelting of the surface layer was observed.
he fact that cracks were generated at the same instance the laser
eam touched the sample clearly indicated that the preheating

emperature was not sufficient. By increasing the preheating
emperature up to 1100 ◦C, fracture of the substrate during
aser melt processing was avoided, but crack formation was
etected during the cooling down ramp. These cracks appeared

n
t
t
o

ig. 2. Melt depth (left axis) and melt temperature (right axis) as a function
f laser power density when the Al2O3–ZrO2(Y2O3) samples are preheated at
100 ◦C. The lines are guides to the eye.

long XZ-planes and were located at an almost constant distance
f 14–18 mm from each other. Thermomechanical calculations
ndicate that these cracks form due to stresses generated in the
eramic bulk, near the interface between the resolidified layer
nd the remaining ceramic substrate.27 An order of magnitude
stimate of the local thermal gradient around the drop-shaped
elt has been obtained from pyrometric measurements of the

emperature of the melt. Fig. 2 gives the temperature of the melt
right axis) and the melt depth (left axis) as a function of the lin-
ar power density for preheating temperatures of 1100 ◦C and
t travelling rates of 1000 mm/h. Larger power densities yield
arger melt depths and larger melt overheating. Assuming that
he measured temperatures are the maximum melt temperatures,
he thermal gradient across the molten drop can be calculated.
hermal gradients between 260 and 390 K/mm are obtained

260 K/mm for 58 W/cm linear power density with 1100 ◦C pre-
eating). At processing rates of 1000 mm/h, we obtain cooling
ates around 100 K/s. This thermal gradient will be of the same
rder of magnitude as the thermal gradient that the solid sam-
le adjacent to the melt will be subjected to. The latter are the
esponsible ones for the development of thermal stress during
ooling and sample cracking. The magnitude of accumulated
tress will depend on the thermomechanical material response.

In order to diminish these residual stresses below the frac-
ure stress, the substrate preheating temperature was further
ncreased to 1200 ◦C. At this temperature ceramics tend to show
ome plasticity thus the accommodation and relaxation of the
bove-mentioned residual stress is expected. As shown in Fig. 3,
sing 1200 ◦C preheating temperature, a dense defect-free sam-
le (at this level of observation) with smooth resolidified layer
s obtained. This fact confirms the previous hypothesis that the
rincipal cause of the observed crack formation during cooling
own is due to macro-stresses formed between the resolidified
ayer and the remaining ceramic substrate while processing. If
hat would be the case of thermal shock caused by relatively fast
ooling down of dense substrate then it would be even more pro-

ounced due to higher preheating temperature. The relaxation of
he previously mentioned stresses below the critical value and at
he same time elimination of crack formation within substrates
f 40 mm in width, indicates that there is no limit in the geome-



1254 J. Gurauskis et al. / Journal of the European Ceramic Society 31 (2011) 1251–1256

F
d
l

t
d

u
p
t
t

e
o
a
a
m
e
p
e
t
s
t
f
a
s
p
C
t
s
e

T
D
r

P

1
1
1

Fig. 4. SEM backscattered images taken at the polished cross section (XZ-plane)
of the Al2O3–YSZ plate with a remelted layer: (a) general view of the ∼400 �m
ig. 3. Laser surface remelted ceramic monolith processed under optimum con-
itions and cooled down to room temperature. No structural defects arising from
aser remelting can be observed at this scale.

ry of the surface to be treated, as long as sufficient laser power
ensity is employed to obtain material melting.

Table 1 summarizes the depth of the remelted layers obtained
sing fixed laser irradiances of 580 W/cm2 for all three tem-
eratures investigated. Substantial increase in remelted layer
hickness with increasing preheating temperature is obtained due
o the preheating temperature contribution to eutectic melting.

The observation with SEM of the polished cross sections of
utectic substrates processed at 1200 ◦C shows the formation
f a dense layer, with thickness around 400 �m, free of cracks
nd delamination defects (Fig. 4a). The microstructure (Fig. 4b
nd c) consists of elongated eutectic cells with lamellar internal
icrostructure, the same that was obtained for t-ZrO2–Al2O3

utectics with a processing speed of 1000 mm/h22 with lower
reheating temperatures (980 ◦C). Fig. 4c also shows the pres-
nce of Al2O3 (dark phase) primary dendrites that grow near to
he layer-ceramic interphase, probably a consequence of a slight
hift of the ceramic composition from the eutectic compositions
owards larger Al2O3 contents. The eutectic cells are oriented
rom the bottom towards the top of the layer in its lower part,
nd form left to right in its upper part, in the region near its
urface (Fig. 4b). This corresponds to a growth direction per-
endicular to the solid–liquid interface which is drop-shaped.

onsequently, overall, the alignement is parallel to the sample

raverse direction (X-direction in Fig. 1). Previous mechanical
tudies have shown that the weakest areas in Al2O3–zirconia
utectics are the intercellular areas,22 which are oriented par-

able 1
epth of the remelted layer under laser irradiances of 580 W/cm2 and a traverse

ate of 1000 mm h−1.

reheating temperature (◦C) Depth of remelted layer (�m)

000 150 ± 10
100 240 ± 10
200 400 ± 20

l
(

a
f

w
a
c
t
m
b
t

ayer formed, (b) the colonies formed and (C) detail of the colonies formed
Al2O3 – dark phase, YSZ – bright phase).

llel to the traverse direction along which also cooling crack
ormation is more probable.

The mechanical performance of the eutectic plates processed
ith an optimum preheating temperature of 1200 ◦C was evalu-

ted by carrying out fracture strength measurements. Bars were
ut out from the plates in the perpendicular direction to sample
ravelling (YZ plane, Fig. 1a), so that any unnoticed crack for-
ation along the sample travelling direction would be revealed
y the fracture test. The reference ceramic samples showed the
ypical fracture origins in regions near the surface (Fig. 5a) sub-
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Fig. 5. SEM images of the typical critical fracture defects corresponding to: (a)
reference sample without remelted layer and (b) sample with laser remelted layer.
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he arrows indicate the fracture initiation area. As can be observed, remelting of
he surface removes the superficial defects and forces the fracture to start within
he zone below the remelted layer.

ected to tensile stress. From Fig. 5b it is possible to observe
hat the laser surface melting proved to remove surface defects,
hus forcing the fracture to start from defects below or at the
nterface of the resolidified layer with the substrate. Moreover,
he fracture origin was associated, in all cases, to defects present
ithin the non-melted ceramic microstructure. The average frac-

ure strength values were determined to be 530 ± 130 MPa for
eference samples and 503 ± 20 MPa for samples with a reso-
idified layer. Although from these results no change in average
racture strength values is observed, a significant decrease in
tandard deviation for ceramic samples with a resolidified layer
s revealed. Further work is under way to evaluate the surface
emelting effect on the Weibull distribution of fracture strength
f ceramics substrates.

. Conclusions

Wide (40 mm) t-ZrO2–Al2O3 eutectic ceramic plates were
aser processed with preheating to temperatures up to 1200 ◦C.
defect-free, 0.4 mm thick resolidified layer was obtained. This
ndicates that the preheating temperature employed is effective
n minimising thermal shock and processing stresses, so that
evastating longitudinal cracks were eliminated.
Ceramic Society 31 (2011) 1251–1256 1255

By employing this process, smooth surfaces without
verlapping-track roughness and homogeneous microstructures
re obtained. The typical refined aligned eutectic microstruc-
ure of lamellar-type Al2O3 and YSZ cells was formed within
he resolidified layer.

Fracture strength measurements confirmed the absence of
ongitudinal crack-type defects within the final laser remelted
eramic surface. Although no significant change in average
racture strength was observed, the decrease of its standard
eviation for ceramic samples with a resolidified layer was
evealed. Further work should be carried out to evaluate the sur-
ace remelting effect on the Weibull distribution of the ceramic
aterials.
From the results observed it is expected that 1200 ◦C preheat-

ng temperature permits to carry out laser remelting of dense
98%TD) eutectic composition ceramic substrates without geo-
etrical limitations.
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