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bstract

orcelain tile is a high-performance ceramic tile, in which quartz is a major compositional component. After the firing cycle, macroscopic residual
tresses develop in the product as a result of rapid cooling. Further, during cooling, the presence of quartz particles also increases natural flaw size.
oth phenomena significantly affect the product’s mechanical behaviour. This study examines the effect of quartz particle size on the mechanical
ehaviour of porcelain tile subjected to two very different cooling rates: a rapid or a slow cooling rate. A series of porcelain tile compositions were
esigned for this purpose, in which quartz particle size was varied. The mechanical behaviour of the sintered pieces was evaluated on the basis
f linear elastic fracture mechanics. It was verified that, in the slowly cooled material, the modulus of elasticity and fracture energy increased,
nd natural flaw size decreased as quartz particle size decreased. However, fracture energy also diminished in pieces that contained excessively

mall particles, with an advanced state of dissolution. For the rapidly cooled material, though the larger sized quartz particles debonded at higher
emperatures owing to thermal stress, their presence, even in small quantities, contributed to natural flaw growth. The lower fracture energy
ssociated with this last type of piece also favours this phenomenon.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Porcelain tile is a high-performance ceramic tile, whose
omposition resembles that of porcelain.1–3 However, the man-
facturing process differs notably, particularly in regard to the

ring stage, since porcelain tile firing cycles are much faster
40–60 min) than porcelain firing cycles (12–24 h).4 This rapid
ring cycle conditions many porcelain tile end properties.
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Previous research by the authors5,6 showed that porcelain
ile is liable to develop macroscopic residual stresses when it is
apidly cooled, just as occurs in glass tempering.7,8 Since com-
ressive surface stress was involved, mechanical strength was
bserved to increase. However, natural flaw size was also seen
o augment significantly as the cooling rate increased, mainly
ecause of the presence of crystalline quartz particles.6

Many studies on triaxial porcelains9–13 report that quartz
ignificantly affects triaxial porcelain properties. On the one
and, the difference between the coefficients of thermal expan-
ion of the quartz and of the glassy matrix has a strengthening
ffect by subjecting the glassy matrix to microscopic resid-
al compressive stress. On the other hand, the magnitude of
hese stresses produces cracks around the quartz particles, which
ay exceed a critical size, thereby causing partial stress relax-
tion and increasing microstructural damage4,10,13, which may
ven lead to particle detachment. This microstructural damage
dversely affects the product’s mechanical behaviour.

mailto:agenor@imgnet.org.br
mailto:agenordenoni@hotmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.052
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In porcelain tile, quartz particles play an even more important
ole since they constitute the most abundant crystalline phase in
he end product. A previous study by the authors14 showed that
he microscopic residual stresses exhibited by quartz particles
ere strongly affected by two factors: (1) the advanced state of
issolution of the smallest quartz particles, which modified the
ature of the particle–matrix interface by increasing the state of
tress on the particles; (2) the presence of a significant fraction
arger than the critical particle size reduced the state of stress. It
as further verified that the quartz in the porcelain tile matrix
isplayed an average coefficient of linear thermal expansion sim-
lar to that of the c-lattice parameter. This behaviour indicates
hat the process of quartz particle detachment from the matrix is
ncouraged by the anisotropic behaviour of quartz under thermal
xpansion.

This study seeks to determine the influence of quartz particle
ize on the mechanical behaviour of porcelain tile, evaluated on
he basis of linear elastic fracture mechanics. The study has been
onducted on a standard porcelain tile composition, in which the
uartz particle size distribution was varied. In order to evaluate
he influence of the cooling rate on mechanical behaviour, the
amples were subjected to two different cooling cycles, either
faster or a slower cooling rate than those used in industrial

ractice.

. Basic theoretical concepts

.1. Mechanical strength of a material with a macroscopic
esidual stress profile

Application of the laws of linear elastic fracture mechanics
llows mathematical description of the mechanical strength of a
eramic piece or plate with a macroscopic residual stress profile,
ta, subjected to bending stress, in accordance with Eq. (1).6

ta = KIC

Ya1/2 − σs

(
2S

π
a + 1

)
(1)

here KIC is the fracture toughness of the material without any
acroscopic residual stress; σs, the macroscopic residual sur-

ace stress; S = −6/h, h the thickness of the piece; a, the size
f the natural flaw; Y, a calibration factor, which in this case is
.98.6,15

For a material without any macroscopic residual stress,σs = 0,
esulting from a slow cooling process, Eq. (1) is reduced to the
riffith equation, Eq. (2), to describe the bending strength (σf).
ll the parameters in Eq. (1), except natural flaw size (a), can be

xperimentally determined. The value of a can then be calculated
sing iterative methods. Fracture toughness is mathematically
efined from Eq. (3).

f = KIC

Y · a1/2 (2)
IC =
√

2Eγi (3)

here E is the modulus of elasticity, and γ i is the fracture energy
f the material.
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The factors that determine porcelain tile mechanical proper-
ies depend on tile composition and processing characteristics.
owever, microstructural damage and the state of micro-

copic stress caused by the quartz particles also decisively
ffect the modulus of elasticity16 and the fracture energy,
espectively.17

Fracture energy is directly related to the greater or lesser ease
ith which fracture is able to propagate through the material.
hen the compressive stress on the glassy matrix and/or fracture

urface tortuosity increases in porcelain tile, fracture energy may
lso be expected to increase.18

.2. Critical particle size

Depending on the magnitude of the microscopic residual
tresses, detachment of the particles from the matrix may occur
t interface level, thereby increasing microstructural damage.
to19 proposed a model, based on fracture mechanics, which
ould predict a critical particle diameter (dc) above which such
etachment would occur:

c = 1

0.15 sin(ω(2 − sin ω))

γi,m

(�α �T )σrr
(4)

here �i,m is the matrix fracture energy; ω, the relation of
emi-spherical crack size to particle diameter, ω ∼ 0.3 would
orrespond to a typical value calculated by Ito;4 σrr is the radial
tress on the particles; �α, the difference between the coef-
cients of linear thermal expansion of the particle and of the
atrix; �T, the cooling temperature range, in the case of a glassy
atrix this being from approximately glass transformation tem-

erature (Tg) to ambient temperature (Tamb).
Applying Eq. (4) to estimate the critical sizes associated with

ach lattice parameter in the quartz unit cell yields a value
f ∼6 �m for ‘a’ and a value of ∼44 �m for ‘c’, owing to
he anisotropy of the coefficient of thermal expansion.20 These
esults indicate that selective detachments may occur so that
nly particles larger than ∼44 �m would completely debond
rom the matrix, with fully relaxed stresses. In contrast, particles
ized between ∼6 and ∼44 �m (most particles in porcelain tile
ompositions) would be partly detached from the matrix. Other
uthors4,13 have confirmed the existence of partial peripheral
racks around particles larger than 5 �m, and complete cracking
round particles larger than 50 �m.

This loss of contact occurs as the tile cools. The graph in
ig. 1 shows the critical diameter of quartz particles throughout

he cooling, estimated from Eq. (4), based on the coefficients
f thermal expansion of the a- and c-lattice parameters20 (for
he sake of simplification, the glass matrix fracture energy is
ssumed not to change with temperature, �i,m = 3.5 J/m2).

As the material cools, microscopic stress grows and the criti-
al diameter consequently decreases until it reaches a minimum
alue at ambient temperature. However, the critical diame-
er for parameter ‘a’ drops significantly between 575 and

00 ◦C from ∼460 �m to ∼30 �m, reaching ∼6 �m at 25 ◦C.
he larger the quartz particle size in the porcelain tile, the
ooner will particle detachment (and hence microstructural dam-
ge) occurs. In a previous study,6 the authors verified that
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ig. 1. Critical diameter, Eq. (4), of quartz particles as a function of cooling
emperature, calculated for lattice parameters a and c.

uch detachments in the presence of thermal tensile stresses
t the surface encouraged natural flaw growth in the tested
ieces.

. Experimental procedure

Tests were performed using a porcelain tile composition made
p of approximately 50% albite, 30% kaolinite, and 20% quartz,
n which only quartz particle size was varied. A floated sodium
eldspar (Kaltun) and Super Standard Porcelain kaolin (Imerys)
ere used as sources of albite and kaolinite, respectively. Four

ypes of quartz with different particle size distributions, but with
he same chemical and mineralogical composition, were used:
E500, SE100, SE12, and SE8 (Sibelco). The chemical com-
ositions of the materials used are given in Table 1. The quartz
amples with different particle sizes and the other components
ere then used to prepare mixtures PQ1, PQ2, PQ3, and PQ4

ordered from smallest to largest quartz particle size), according
o the standard porcelain tile formulation.

The quartz particle size distribution in the mixtures is shown
n Fig. 2. The figure also indicates a table with dates for the

edian particle size (D50) and particle size for percentile 99th
D99) of each distribution. Approximately 17% of the quartz
n the composition comes from the feldspar; the distributions

herefore display differences with regard to commercial quartz.
he feldspar quartz has a particle size distribution similar to

hat of SE100 quartz. As a result, in the mixture containing
E500 quartz (the finest particle size), the distribution exhibits

able 1
hemical composition of the materials used (% by weight)

Feldspar Kaolin Quartz

iO2 68 47 98.9
l2O3 19.2 38 0.51
a2O 10.9 0.15 0.01

2O 0.23 0.80 0.06
aO 1.1 0.10 0.03
thers 0.34 0.64 0.11
OI 0.14 13.0 0.27
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Fig. 2. Quartz particle size distribution in the mixtures.

aximum particle sizes similar to those of the mixture with
E100 quartz (Fig. 2).

The test mixtures (PQ1, PQ2, PQ3, and PQ4) were pro-
ortioned, homogenised by wet milling for 45 min, and then
pray dried. Composition PQ2 was closest to the industrial mix-
ures, so that the remaining compositions amply covered the
tandard industrial range. The 80 mm × 20 mm × 7 mm samples
ere pressed at 45 MPa and 5.5% moisture content (dry weight
asis). They were then dried in an oven at 110 ◦C and fired
n an electric kiln at a heating rate of 70 ◦C/min from 25 to
00 ◦C, and 25 ◦C/min from 500 to 1230 ◦C, with a 6-min hold
t peak temperature. The peak temperature used (1230 ◦C) cor-
esponded to that of the maximum densification of the sintered
iece (apparent density determined by the Archimedes princi-
le). Only mixture PQ1 (finest quartz) was fired at 1220 ◦C, in
rder to maintain the maximum densification condition. Two
ypes of cooling were used: one corresponding to cooling in the
iln, which was slower than that used in industry (∼0.1 ◦C/s),
nd a second, faster type of cooling than that used in industry
∼9.5 ◦C/s). In the second case, the samples were withdrawn
rom the furnace and subjected to an air stream to accelerate the
ooling to approximately 650 ◦C, after which the fan was turned
ff and the pieces were isolated to reduce the cooling rate during
he allotropic transformation of quartz (∼3.6 ◦C/s). This proce-
ure has been detailed elsewhere.6 Powders with particle size
nder 45 �m was prepared from fired samples in order to deter-
ine ultimate density, by helium picnometry, to characterize the

elative density (ρ, defined as ratio between apparent density of
re test piece and ultimate density of the powder).

Mechanical strength was determined, at room temperature,
y three-point bend tests with a universal testing machine
Instron 6027) to which an extensometer (Instron Strain Gauge
xtensometer 5 mm Range) was fitted in order simultaneously

o determine the modulus of elasticity. Macroscopic residual
tress was measured on a test piece from each type of cooling,
sing the strain relaxation method by incremental cuts,21 with a

-mm-thick diamond-coated copper cutting disc and rectangu-
ar strain gauges (HBM with a 3-mm grid length). The fracture
oughness of the material without residual stress (slow cool-
ng) was determined by the SENB method (single-edge-notched
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Table 2
Mechanical characterisation of the test pieces subjected to slow cooling

Mixture σf (MPa) ρ KIC (MPa m1/2) E (GPa) ao (�m) γ i (J/m2) σq
* (MPa) Wm

PQ1 69.8 0.977 1.49 55.2 115 19.6 346 23
PQ2 70.4 0.959 1.62 54.5 135 24.2 246 20
P 49.3
P 45.1
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The lower tendency to increase mechanical strength in mix-
ture PQ1 is clearly related to the observed decrease in fracture
energy. As indicated elsewhere,14 about 20% of the initial quartz
dissolves in mixture PQ1. This solution produces a layer rich in
Q3 63.5 0.955 1.57
Q4 54.5 0.955 1.39

* Taken from Reference14.

eam). Fracture surface topography of the slowly cooled sam-
les was characterised with a roughness meter (Hommelwerke
odel T8000). Polished surface porosity of the slowly cooled

amples was determined with an optical microscope (Olympus
x 60) at 20× magnification; ten 550 �m × 550 �m photographs
ere taken (JVC TK 1270E camera) and the images were anal-
sed (Visilog 5.1 software). Finally, microstructural observation
f the polished cross-sectional surfaces of some of the samples
as carried out in a SEM.

. Results and discussion

.1. Porcelain tile subjected to slow cooling

Table 2 presents the results of the mechanical characterisation
f the porcelain tile samples subjected to slow cooling: bending
trength (σf); relative density (ρ); modulus of elasticity (E); frac-
ure toughness (KIC); natural flaw size (a) (calculated from Eq.
1)); fracture energy (γ i) (calculated from KIC and E); micro-
copic residual stress on the quartz particles14 (σq); and Weibull
odulus (Wm).
The literature10–13 reports that the mechanical strength of

orcelains increases as quartz particle size decreases. This
as also the case in the tested porcelain tile mixtures, in
hich mechanical strength increased notably from mixture PQ4

largest quartz particle size) to mixture PQ1 (smallest quartz
article size), though mixture PQ1 did not entirely follow the
bserved trend. The studies mentioned indicate that there is a
inimum particle size that increases mechanical strength; how-

ver, they also report that below this particle size the foregoing
rend even reverses.

For quantitative analysis of the role of each factor in the
ncrease in mechanical strength, Griffith’s equation (2), can be
ritten as a Taylor series expansion truncate at first order term,
aking explicit a, E, and γ i in three terms: �a, �E, and �γ i,

espectively, according to Eq. (5). The results are shown in
ig. 3.

σfj = �Ej

∂σf

∂E

∣∣∣∣
Ēj,γ̄ij ,āj

+ �γij

∂σf

∂γi

∣∣∣∣
Ēj,γ̄ij ,āj

+�aj

∂σf

∂a

∣∣∣∣
Ēj,γ̄ij ,āj

(5)
σfj, �Ej, �γij, �aj = �Xj = Xj − XPQ4 (6)

¯
j, γ̄ij, āj = X̄j = Xj + XPQ4

2
(7) F

a

155 25.0 214 37
165 21.4 98 26

Xj = �Xj

∂σf

∂X
(8)

here j is any mixture (PQ1, PQ2, PQ3); data were taken from
able 2.

The results of Fig. 3 show that the three factors have practi-
ally the same degree of importance, so that variations in any of
hese factors would significantly change the increase in mechan-
cal strength.

With regard to natural flaw size, Bragrança et al.10 found
hat, for porcelain, this property was related to the size of the
argest quartz particles in the distribution, which was also noted
n mixture PQ4 (Fig. 2). For distributions with smaller particle
izes, the estimated flaw size is larger than the size of the largest
articles in the distribution. In this case, Bragança et al. attributed
atural flaw size to the interconnection of microcracks between
eighbouring particles. The presence of large particles at the
urface and the interconnection of microcracks both depend on
robabilistic factors. It is reasonable, therefore, that natural flaw
ize should tend to decrease as quartz particle size is reduced,
s the results show.

On the other hand, an increase in the modulus of elasticity
tems from a rise in relative density22 and a drop in microstruc-
ural damage to the material,16 since the number of particles
elow the critical diameter also decreases when quartz particle
ize becomes smaller.
ig. 3. Contribution of a, E, and γ i on the increase in mechanical strength, �σfj,
s a function of median particle size of quartz.
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Table 3
Mechanical characterisation of the test pieces subjected to rapid cooling

Mixture σta (MPa) σs (MPa) a (�m) Wm �a (�m)

PQ1 89.8 31 150 22 35
PQ2 87.5 24 154 27 19
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This mechanism accounts for the higher values of �a as
ig. 4. Topography of the fracture surfaces in the slowly cooled samples.

morphous silica around the quartz particles, a layer that raises
he tensile stress on both the quartz particles and the glassy

atrix, which reduces the strengthening effect of the remaining
uartz particles. The general state of residual stress on the glassy
atrix significantly affects the fracture energy of the material,

ince fracture mainly propagates through the matrix. Apart from
ixture PQ1, the strengthening produced by the quartz particles
ay be indirectly observed through the microscopic residual

tresses measured for these particles. The decreased fracture
nergy in porcelains obtained from quartz with a fine particle
ize has also been reported by other authors.10

Another factor that affects fracture energy is related to frac-

ure propagation tortuosity. Fig. 4 shows the result of the
opographic characterisation test of the fracture surface. It also
ncludes the values obtained for parameter Sdr, which represents

q
T
f

Q3 77.5 22 185 23 30
Q4 63.9 17 213 18 48

he increase in actual surface area in relation to the projected area
1.5 mm × 1.5 mm)23 (Sdr = 0% represents a perfect linear frac-
ure, with no crack deflection). Sdr is observed to increase as
uartz particle size increases; therefore, so does tortuosity.

Finally, when the fracture energy values are compared with
he state of stress of the glassy matrix and with parameter Sdr,
he importance of these two factors for this property can be
learly observed. Comparison of PQ3 with PQ2 indicates that
he smaller strengthening effect on the matrix by the quartz
articles is offset by the increased tortuosity. However, for mix-
ure PQ4, the increase in tortuosity was insufficient to offset
he smaller strengthening effect of the quartz particles, many

ore of which have debonded from the matrix (∼80% > 6 �m
nd ∼30% > 44 �m). Mixture PQ1 displays smaller tortuosity,
s well as less strengthening stress by the quartz particles, owing
o pronounced particle dissolution.

.2. Porcelain tile subjected to rapid cooling

The mechanical characterisation data of the rapidly cooled
orcelain tile pieces are presented in Table 3: mechanical
trength (σta); macroscopic residual surface stress (σs); natu-
al flaw size (a); Weibull modulus (Wm); and the increase in
atural flaw size related to slow cooling (�a).

The mechanical strength values for the rapidly cooled pieces
ncreased between 7 and 11 MPa compared with those subjected
o slow cooling. This behaviour is due to the development of
ompressive macroscopic residual stress at the surface of the
ieces, as indicated in section 1. However, this increase was
ower than was to be expected on the basis of the measured
esidual stresses, owing to a simultaneous increase in natural
aw size.

As indicated above, the presence of disperse quartz parti-
les in the matrix decisively affects the generation of the natural
aw in slowly cooled pieces. After the allotropic transformation
f quartz (573 ◦C), the particles undergo pronounced shrink-
ge, which increases microscopic stresses. Fig. 1 shows that, as
he piece cools, the particles begin to debond from the matrix,
iving rise to peripheral cracks. When the cooling is rapid, ther-
al tensile stresses form at the surface; peripheral cracks thus

ncounter more favourable growth conditions, which lead to an
ncrease in natural flaw size. The larger the particles, the sooner
ill they debond from the matrix (i.e. at higher temperatures)

nd, therefore, the greater will their growth be.
uartz particle size increases in mixtures PQ2, PQ3, and PQ4.
he same occurs with mixture PQ1. However, in this case two

eatures may be noted: (1) though the average quartz particle
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Porosity in a polished porcelain tile surface directly affects
porcelain tile aesthetic characteristics, such as gloss and
cleanability.25 Fig. 7 presents a graph that relates surface poros-
ity (percentage of surface area occupied by pores) to the inner
ig. 5. Relation between the Weibull modulus and the increase in natural flaw
ize of the rapidly cooled test pieces with regard to slowly cooled pieces.

ize is smaller than in the other mixtures, the largest sizes (D99,
ig. 2) are practically the same as in mixture PQ2 as a result of

he quartz from the feldspar, so that the first detachments occur at
he same temperature as in PQ2; (2) the fracture energy is smaller
han in the other mixtures, which constitutes a more favourable
ondition for crack growth. The negative effect caused by a small
umber of large-sized particles has also been noted by other
uthors.11

The samples subjected to slow cooling displayed no clear
endency in the Weibull modulus in relation to quartz particle
ize or natural flaw size. A linear relationship was observed,
owever, between the Weibull modulus and the increase in nat-
ral flaw size for rapidly cooled pieces with regard to slowly
ooled pieces (Fig. 5). This trend indicates that the greater the
icrostructural damage that occurs in rapid cooling cycles, the

ower will the Weibull modulus and the greater will the variabil-
ty be in the flaw population in the pieces (the Weibull modulus
s related to the amplitude of the flaw size distribution24).

.3. Comparison between microstructures formed in the
ieces subjected to the two types of cooling

Microscopic observation of peripheral crack growth around
he quartz particles is very complicated, since polishing during
he sample preparation process is a further cause of microstruc-
ural damage. However, two materials with differing initial
tates of damage, subjected to the same polishing conditions,
ay also be expected to exhibit different ensuing microstruc-

ural damage. The micrographs shown in Fig. 6 correspond
o samples of mixture PQ2 (the closest to industrial com-
ositions), subjected to the two tested types of cooling. All
ystem features can be quite clearly observed in both cases:
losed porosity (P), quartz particles (Q), albite particles (A),
lbite glass (VA), primary mullite (M), and kaolin glass (VC).

he quartz particles in both cases are approximately the same
ize. However, the rapidly cooled test piece displays a more
amaged microstructure owing to thermal tensile stress at
he surface during cooling. This differentiation is not widely F
ig. 6. Micrographs of samples made from mixture PQ2 subjected to (a) slow,
nd (b) rapid cooling.

bserved, however, in all the areas near the surface of the
iece.

.4. Analysis of surface porosity in the polished pieces
ig. 7. Relation between surface porosity and inner porosity of the material.
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tile. J. Eur. Ceram. Soc., 2008, 28, 2629–2637.
Fig. 8. Pore size distribution in the polished surface.

orosity of the material (1 − ρ). The solid line represents the
ituation in which surface porosity is equal to inner porosity. It
ay be observed that polished surface porosity is higher than the
aterial’s inner porosity. In addition to increasing microstruc-

ural surface damage, polishing also causes particle debonding,
hich increases surface open porosity.
The graph in Fig. 8 presents the size distribution of the surface

ores for the samples and the maximum pore size (Dmax). The
lots show that as the quartz particle size increases (Fig. 2),
urface pore size also increases. For the samples, maximum pore
ize is directly related to the coarsest fraction of the particle size
istribution, since the pore size values coincide with the particle
izes that cut the cumulative distribution at ∼99% (Fig. 2) in
very case. These results indicate that it is the quartz particles
hat detach themselves most easily owing to the presence of
eripheral cracks around them and, therefore, that they largely
etermine the surface characteristics of polished porcelain tiles.
hese results indicate once again the importance of the coarse
uartz particle fraction, as was observed in the growth of natural
aw size.

. Conclusions

Porcelain tile properties have been determined on the basis of
inear elastic fracture mechanics. Quartz particle size was varied
n the pieces, and the tiles were subjected to either rapid or slow
ooling.

A decrease in quartz particle size was observed to increase the
odulus of elasticity and to decrease natural flaw size. Fracture

nergy increased as a result of microstructural strengthening by
he quartz particles and the increased tortuosity of the fracture
urface. However, excessively small particles, which display an
dvanced state of dissolution, give rise to interfaces rich in amor-
hous silica between the matrix and the particle, decreasing the
trengthening effect of the remaining quartz.
The increase in natural flaw size observed in the rapidly
ooled pieces was due to the thermal tensile stress at the tile
urface and to the presence of quartz particles. In addition, the
argest particles debonded at higher temperatures and encour-

1

1
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ged natural flaw growth. Finally, it was verified that the lower
he fracture energy of the material, the greater was the increase
n natural flaw size during rapid cooling.

The increase in surface porosity of polished pieces with
espect to the inner porosity of the material was closely related
o quartz particle detachment. The coarse quartz particle size
raction therefore determined maximum surface pore size.
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5. Sánchez, E., Ibáñez, M. J., García-Ten, J., Quereda, M. F., Hutchings, I. M.

and Xu, Y. M., Porcelain tile microstructure: implications for polished tile
properties. J. Eur. Ceram. Soc., 2006, 26(13), 2533–2540.


	Effect of quartz particle size on the mechanical behaviour of porcelain tile subjected to different cooling rates
	Introduction
	Basic theoretical concepts
	Mechanical strength of a material with a macroscopic residual stress profile
	Critical particle size

	Experimental procedure
	Results and discussion
	Porcelain tile subjected to slow cooling
	Porcelain tile subjected to rapid cooling
	Comparison between microstructures formed in the pieces subjected to the two types of cooling
	Analysis of surface porosity in the polished pieces

	Conclusions
	Acknowledgments
	References


