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Abstract

Glazed and unglazed porcelain tiles
exhibit a phenomenon known as
‘delayed curvatures’, which consist
of the change in tile curvalure after
the tiles leave the kiln. This phenom-
enon becomes more problematic as
tile size increases

I this study, the variation of curva-
ture in time has been quantified in
industrial glazed porcelain tiles. it
was observed that the curvature usu-
ally displays an evolution in one
direction (customarily in a concave
direction or vessel shape) which,
after a certain lime has elapsed,
raverses this trend The kinetics of

this process has been parameterised,
assuming there are two simultane-
ous, opposing mechanisms, with dif-
ferent kinetics

Theoretical analyses indicale that
only two factors can produce
delayed curvatures: residual stresses
andd expansion of the tile bady in
both cases, additional circumslances
need to occur for delayed curvatures
to appear; thus, for example, the
presence of residual stresses is not
synonymous with delayed curva-
tures, but an additional mechanism
is needed that allows progressive
release of these stresses, a mecha-
nism known as creep. In addition,
the condition that the stress profile is

not symmetrical with respect to the
centre plane of the tile also needs to
be obeyed.

in regard 1o the expansion of the
bodies, special conditions must also
occur for these to cause delayed cur-
valures. in particular, it is necessary
for the expansion at the tile fair face
and at the rib face Lo be different
Uniform expansion would cause a
slight dimensionat change, but not a
delayed cusvature, not even in the
presence of glaze

The measuremnent of the factors that
influence delayed curvatures is com-
plex because different technigues
from those typically used in charac-
terising ceramic tiles are required.
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Fig. 1 Arrangement used to measure the deflection of industrial tiles

Pracedures have been fine-tuned to measure the different
factors that give rise Lo delayed curvatures, anc the influence
of certain variables on these factors has been studied

introduction

A significant percentage of ceramics tiles, independently of
their porosity, exhibil the phenomenon known as ‘delayed
curvatures’ These consist of the change in tile curvature after
the tile exits the kiin over a period of ime that may take sev-
eral weeks or even months

Although delayed curvatures are not unknown in the ceram-
ic sector, they pose a serious manufacturing problem owing
to the present larger tife sizes Thus, the presence of delayed
curvatures leads to problems in the sorting stage and in final
product quality, thus it is necessary to know the final curva-
Lure thal the tile will develop in arder to establish with what
curvature the tile needs to leave the kiln, as well as the crile-
ria for tile classification

The delayed curvalures in porous wall tiles or earthenware
tiles display a lrend towards concavity with time, passibly as
a result of the expansion of the bodies due to their high
porasity (which ailows water Lo penetrate), and te the pres-
ence of phases that expand when the body hydrates [1,2]
In both glazed and unglazed porcelain tile, such behaviour is
particularly surprising, because the curvature displays an
evolution in one direction {custamarily in a concave direc-
tiony which, after a certain time, usually reverses direction
The change in the evolution of the curvature, together with
the very low porosity of percelain tiles (water absorption
below 0,5 %) and the low guantity of hydratable phases pre-
sent in the fired tile, indicates that the cause of this behav-
four is much more complex

In this study the factors that can influence delayed curvature
in porcelain tiles, either directly or indirectly, have been
examined. Although much work stilf remains to be done in
the field of delayed curvatures, the results obtained lay the
groundwork for a systematic study of delayed curvatures

Measurement of the
Evolution of Curvature with Time

The first step in the study of delayed curvatures in porcelain
tile was the quantification of the magnitude and kinetics of
the delayed curvatures

The tests consisted of measuring the deflection in the centre
of the piece (&) at different moments, using a dial gauge set
on a stand with three supports (Fig. 1} This deflection was
determined for each diagonal and the results were then aver-
aged. It is important to bagin making these measurements
immediately after firing in the industrial kiln, since that is
when the curvalure usually evolves fastest.

Fig 2 shows the evolution of curvature with time over a peri-
od of 13 days for the glazed porcelain tile of 450x450 mm?
of the same model (Model-1) using two different body com-
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Fig 3 Contribution of both processes (Model 1, Tile 2)

Fig §

Device that auto-
matically offsets
temperature for the
measurement of
hody expansion

positions [t may be observed Lhat
whereas the pieces formed from
spray-dried powder 1 (Tile 1) leave
the kiln with a convex curvature
(0,22 dellection), which practically
remains invariable with time, the
curvature of the piece obtained from
spray-dried powder 2 (Tile 2) dis-
plays an important variation with
time. Thus, the pieces exhibit a con-
vex curvature of 0,24 mem at the kiin
exit, which decreases quickly and

£E52

{3 Glage i Body

Fig. 4 Schematic Hlustration of the delayed curvature produced by expansion of the

bady

becomes a concave curvature after
20 hours {§=-0,06 mm) After this
time, the curvature of the piece
evolves more slowly in the opposite
direction untii it practically stabilises
after 8 10 clays (8,=0,17 mm)

The behaviour described is that typ-
ically observed In glazed porcelain
tiles, in which the magnitude of the
deflection, and the speed at which
this evolves, change as a function of
a multitude of factors such as type of
model, spray-dried powder, firing
cycle, peak temperature, environ-
mental conditions, efc.

The foregeing evolution of curvature
with time suggests that the tile is
subject to two cpposite phenome-
na: a rapid one that tends to
decrease the deflection and another
stower one than lends to increase it
Thus, the overall evolution of the
curvalure may be considered due to
these two phenomena Mathemati-
cally this decomposition can be writ-
ten in the following ferm:

b o= A-eT e d-eT e (D
Where the term A (1-exp(-1/T, ) cor-
responcs to the first process and
A {1-exp[-t/T,]) to the second. Para-
meter T is a time constant related to
process kinetics, whereas A indicates
the strain deflection that will be
reached in each process This equa-
tion is represented for Tile 2 (red
line) in Fig 2 Il may be observed
that the proposed equation suitably
describes the change in deflection
with time. Fig 3 illustrates the con-
tribution of each phenocmenon in
the overall process
The decomposition of the curvature
evolution in two processes does not
provide an indication of the origi-
nating causes; it is simply a quantifi-
cation and parameterisation of the
process, which may simplify the
analysis of the influence that the dif-
ferent variables invelved may have

Factors that Influence
Delayed Curvatures

The factors that influence delayed
curvatures in tiles may be divided

into direct and indirect factors. The
former are characlerised as being
the ultimate causes of the delayed
curvatures; the latter can affect the
delayec curvatures either because
they acl on some direct factor, or
because they maodify the evolution
of the delayed curvature (though
they do not generate it}

Direct Factors

To modify in a fired tile its curvature
with time il is necessary Lo make
some maodifications, as it can occur
by the expansion of the body of a
glazed tile, or if a force is applied to
the tile. This last case can take place
when relaxation occurs of the resid-
ual stresses present in the tile

Thus there are hasically two factors
thal can cause delayed curvatures:
expansion of the bodies and relax-
ation of the resicdual stresses The
remaining factors are inclirect
Expansion of the Bodies

In a glazed tile, the expansion of the
body may leac Lo the appearance of
delayed curvatures, as illustrated in
Fig 4 The mechanism is very similar
le the change in curvature that
occurs during cooling in the kiln,
owing to the fit between the glaze
and body layers as a result of the dif-
ference in shrinkage belween both
layers in this case, the expansion of
the body will lead Lo a concave cur-
valure, assuming that the piece is
initially flat and that the glaze practi-
cally does not expand

Once one of the factors thal can
cause the delayed curvature had
been identified, il was necessary lo
verily whether porcetain tile boclies
expanded Although itis well known
that earthenware tile bodies display
appreciable moisture expansion,
which may lead to problems of glaze
crazing under limit conditions, this
property is usually not measured in
porcefain tile bodies, owing to the
inexistence of crazing defects in
these products and to their low
porosity

Measurement Procedire

Since delayed curvature needs to be

observed starting immediately after
the pieces leave the kiln, it was nec-
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Fig. 6 Evolution of the expansion of a percelain tile bady as a

function of time

essary to design and fine-tune a test
procedure that would enable the
determination of body expansion
during this period of time The main
difficulty posed in the performance
of this measurement was the tem-
perature variation during the test,
which might considerably affect
measurement accuracy. In order o
address these difficullies a device
was built, shown in Fig. 5, which is
able to offsel automatically the tem-
peralure changes that the hol lile
induces

Resulls

The evolution of the expansion of a
porcelain tile body, starting when
the tile exits the industrial kiln, is
shown in Fig. 6. It may be observed
that in the initial moments the
expansion is very fast; it then sia-
trilises after 96 hours al a value ol
aboul 0,18 Y%00. Though the result
depends on the compaosition used
and on the pealk firing temperature,
it may be considered representative
for these types of bodies In compar-
isan, the expansion of white-firing
earthenware Lile bodies usually lies at
about 0,35 %o, which only differs a
factor of 2 with respect to that of
porcelain tiles

The expansion of the bodies, of
itself, is insufficient to axplain the
delayed curvatures As indicated pre-
viously, the presence of another lay-
er that does not deform is required

This rofe could be played by the
glaze layer in glazed products; how-
ever, there are also unglazed porce-
fain tiles that exhibit the problem of
delayed curvatures On the ather
hand, the glaze coating on a porce-
lain tile is usually thin (about
100 pmy), which is why the resulting
curvature is also small. Fig. 7 shows
the curvature deflection that a
A10x410 mme tile will display, calcu-
lated from the Lypical expansion of a
parcelain tile body, and considering
the it with the glaze It may be
abserved thal the expansion of the
hody is not sufficient, in general, 1o
explain the delayed curvatures,
though it can play a certain role in
s0me cases.

In the foregoing, it has been
assumed that the expansion of the
body is uniform throughout the
thickness of the body [f there was a
difference belween the expansion of
the body at the fair face and at the
rear face, part of lhe delayed curva-
lure could be explained in both
glazed and unglazed producls
Thus, for example, a difference of
0,1 %o in he expansion of a
A10x410 mm4 size tile could cause a
delayed curvature, expressed as a
deflection, of about 0,3 mm fur-
ther, even though the lotal expan-
sion of both faces was the same, a
difference in the expansion kinetics
could cause changes in the direclion

Fig 7 Delayed curvature caused by expansion of the body

ol the curvature similar to those
ohserved in industrial tiles Although
there are indications that suggest
this difference exists, there are no
conclusive resuits yel on this point
Relaxation of Residual Stresses
One of the hypolheses used to
explain delayed curvatures is the
presence of residual stresses in Lhe
tiles. If these stresses are relaxed by
some process, such as creep, they
could lead to variations in tile curva-
Lsre

However, the existence of a resiclual
stress profile is not synenymous with
delayed curvatures. This profile also
needs to be asymmetrical and there
needs Lo be creep. In regard 1o pro-
file asymmetry, it may be noted that

Fig. 8 Residual stress measurement lest and detaii of the gauge

Fig 10

Location of the gauges on the bottom {g,) and Lop surface {g,)
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Fig 9 Schematic Bustration of the principle used to measure the residual stresses
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Fig. 13

Device used (o
measure creep
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Fig 11 Experimental strain and it for a porcelain tile

a symmelrical profile means that the
stress is the same on the fair face as
on the rear face, so that the piece
will not tend to curve towards either
of the twao sides.

The existence of resicual stresses in
ceramic titles may be due to two
causes: stresses caused by rapid
cooling of the tile in the industrial
kiln, assaciated with thermal gradi-
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enls in the piece, and stresses pro-
cduced by the glaze/body fit The for-
mer have been measured in this
study, since they are customarily of a
greater magnitude than those stem-
ming from the glaze fit. That is
because the glaze is usually much
thinper than the body and because
the body’s modulus of elasticity is
refatively high compared with that
of the glaze.

Residual Stress Measurement
Measurement Procedure

The residual stresses in the body
sternming from the thermal gradi-
ents were measured using the strain
relaxation slotting method (SRSM)
This method consists of fixing a
gauge to the bottom of the
unglazed piece (Fig 8), and then
making increasingly deep cuts (a,)
frem the top surface, measuring the
strain recorded by the gauge (g}
(Fig. 9). )
in order to be able to calculate the
residual stress profile it is necessary
to know the relation belween € .(a)
and the stress at each point inside
the piece. This relation is determined
by certain calibration factors which
nead to be thecretically calculated
for each geometry by a numerical
methad {in this case the finite ele-
ment method was used) Finally,
once the calibration factors have
been determined, it is possible to
calculate the stress profile

with a view Lo improving the accu-
racy of the methed, two strain
gauges are sometimes used, one on
the bottormn and the other on the top
surface, located close to the noteh
area (Fig. 10)

Results

Fig 11 shows the strain measure-
ment values of both gauges (rhom-
buses and triangtes) and the fitting
curve ohtained from the finite ele.
menl calculation. The analysed piece

Fig. 12 Residual stress profiles of Model-1 and vodel-2

was a tile fired under industrial con-
ditions It may be observed that as
notch depth (a) increases, the strain
measured by Lhe Lwo gauges
increases. The lop gauge is very sen-
sitive at the beginning of the cut
(low values of a), but as the notch
depth increases, this gauge quickly
loses ils sensitivily and the bottom
gauge becomes more relevanl

The data in Fig. 11 allowed the resid-
val stress profiles of two models of
glazed porcelain tile to be deter-
minec (Model 1 and Model 2), dis-
played in Fig 12 The wvalue
C=-1corresponds (o the bottom sur-
face and Ts+1 to the top surface
{fair face) In both cases the profile
exhibits negative stresses {compres-
sion) al the surface and positive
stresses (tension) in the centre This
is the typical profile of a tempered
malerial

Model T had stresses similar Lo those
of Madel 2 in the bottom half of the
piece, but slightly larger ones in the
top halfl; generally speaking, it may
be said thal Model 1 was stightly
more stressed than Madel 2, and its
profile  was more symmelrical.
Experimentaily it was verified that
Madel 1 dic not tend to display any
probiems of delayed curvatures;
whereas Model 2 cid. This result
appears o agree with what has been
indicated previcusly regarding the
relation between siress profile sym-
metry and the delayed curvalures. In
any event, in order to establish defin-
itive conclusions it would be neces-
sary to proceed furlher with Lhe
measurements, analysing a grealer
aumber of tiles and maodels

Creep Measurement

Resiclual stresses, by themselves, do
not cause delayed curvatures, even
when they are highly asymmetric It
is necessary for there to be a mecha-
nism that causes the tile Lo release
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these stresses This mechanism is
known as creep and, just as in the
case af the residual stresses, it was
necessary to verify whether porce-
lain ties displayed this behaviour
Measurement Procedure

The device shown in Fig 13 was
used to measure creep The device
consists of a bending bar on which
the test piece is placed. A constanlt
load is then applied, by means of
masses, and iest piece strain is
recorcled using a displacement mea-
surement instrument {lingar variable
differential transformer or LVDT)
Results

Fig. T4 displays the resuits cbiained
It shows that the strain is not zero,
which indicates there is a certain
creep In addition, two sections may
be distinguished: an initial one, in
which the strain rate decreases (pri-
mary creep), and a second one in
which the slope is constant (sec-
ondary creep) This behaviour can
be modelled using the viscoelastic
madel shown in Fig 15 This model
aliows the following relatian
between deflection and time Lo be
established:

S s
0, = lmgﬂ;ml("q(l - )-H) (2)

where:

a,,; Maximum applied stress (Pa)

h: Test piece thickness

n: Viscosity (Fig 15) {Pas)

Ng: Viscosity (sFig 15) (Pa s}

Gg: Shear modulus (Pa)

Ty Quotient  D/GD (s)

T: Time constant indicating the
process kinetics

The result of the application of Eq 2

is presented in Fig 14, which shows

that the equalion is able to repro-

duce the experimental results cor-

rectly

Indirect Factors

The characteristics of the materials
used in the manufacture of porcelain
tiles (spray-dried powders, glazes
etc ), together with the pracess vari-
ables used, define ceramic tile char-
acteristics, as illustrated in the
scheme of Fig 16 Although these
factors are not directly responsible
for the detayed curvatures, they can
in some cases have an enormous
influence on them This section
analyses these factors first, and then
presents same examples of the influ-
ence they have on both delayed cur-
vature and the faclors that criginate
delayed curvature.

Factors that Affect Expansion
of the Body

The expansion of ceramic bodies
caused by humidity is a well-known
characteristic, and methods are pro-
vided in the applicable standards to
measure this The values of expan-
sion by humidity in an autoclave,
with waler vapour prassure cycles of
3 at 10 bar, usually range from 0,6 1o
1,0 %o for earthenware tile bodies,
and drop lo  wvalues Dbelow
4,3 %o for tiles wilh low water
absorption

The moisture expansion of porous
ceramic products {earthenware and
porcelain) has been widely studied
owing Lo its relation to glaze crazing
defects In these products, moisture
expansion of the ceramic bodies
stems from the physical and chemi-
cal adsorption of water molecules on
the free vaiencies exisling in the
hydratable phases (glassy phases
and, in particular, amorphous phas-
es {rom clay mineral dehydroxyia-
tion} present in the fired pieces [3].
For this reason, expansion mainly
depends on the porous structure of
lhe piece (which defines its greater
or fesser accessibility by water) [1]

. Process Engineering

anct on the nature and content of the
phases present in the fired piece [2]
These characteristics are highly influ-
enced by the mineralagical compo-
sition of the composition used, its
particle size and the firing schedule
[4]. Thus, as the fusibility of the body
compaosition and the firing tempera-
ture or residence time increase, the
moisture expansion of these bodies
decreases owing to their reduced
porasity and hydratable phase con-
tent [5]

However, no studies have been
found on moisture expansion in
bodies with very low porosity, such
as porcelain tiles, probably because
of the smaller expansion and
absence of crazing in these prod-
ucts Although the objective of this
study was not to determine the rea-
son for the expansion of porcelain
tile bodies after they left the kiln
{moisture adsorption or other rea-
sons), the factors that influence
moisture expansian in porous bodies
are also likely to do so in the case of
porcelain tile bodies.

factors that Affect Residual
Stresses

When peak firing lemperature is
reached, the porcelain tile is made
up of a great quantity of liquid
phase, guartz and residual albite,
and sometimes mullite [6] In this
state, the piece is able Lo relax any
stress that is appliedt on it, since it is
highly deformable it is during the
cooling phase that residual stresses
develop i the tiles, either because of
a mismatch in the fit between the
body and glaze layers, or because of
differential shrinkage as a result of
the greater cooling rate in the outer
areas compared with the centre of
the piece Thus, the factors that
determine residual stresses in porce-
lain tiles are basically thermal expan-
sion and modulus of elasticity of the

{INDIRECT FACTORS

DIRECT FACTORS

Materiais
Spray-dried powder

iineralogy q

Glaze
Chemical composition

Process

Firing stage
Particle size Cycle.

Peak {emperature
Residance lime
Cooling .,

Ambient conditions

Temperaiure
Helative humidity

Cerainic tile

Microstrusture
Phases present
Modulus of elasticily
Thermal expansion

Creep

Body expansion

Residual stresses

Fig 16 Factors that influence delayed curvatures
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Fig. 17

Cross-section of a
porcelain tile
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Influence of dry
colouring on creep

E 56

body and the glaze, their relative
thicknesses, and the tile cooling rate.
[t has been observed that a greater
mismaich of the thermal expansion
of both layers, as well as a greater
glaze thickness, raises resiclual stress-
a5 Furthermore, when cooling is
faster, the temperature gradient
increases inside the tile [7], leading
to different shrinkage rates through-
out the tile cross-section This pro-
cuces a stress profile inside the piece
that becornes more pronounced as
the cooling rate increases [8) In
acldition, when Lhe cooling rate is
not the same at hoth tile faces {the
usual situation in reller kilns), the
resulting stress profile is not sym-
meirical, as sel out further below

Faciors that influence creep
The factors Lhat influence creep in
porcelain tiles must be associated
with the tile microstructure Fig 17
presents a cross-section of a porce-
lain tile ohserved by scanning elec-
tron microscopy (SEM) It consists of
a glassy matrix containing numercus
pores and microcracks These pores
are usually round and stem from the
decomposition of certain impurities
as well as from large pores presentin
the green piece [9]. The origin of the
microcracks varies, though Lhey
occur in particular as a result of the
mismalches between the residual
quarlz particles and the glassy
matrix [8], and the junciures of
spray-dried powder granules that
were not fully deformed cduring
pressing {10}

Creep in porcelain tite pieces is high-
ly likely to be caused by growth of
the existing micracracks in the tile
when the tile is subjected to a tensile
stress, s¢ that the factors originating
these microcracks will determine
creep in these types of tiles it has
been verified that an increase in
quartz content as well as in particle
size procuces a microstructure with
a larger quantity of microcracks,
which will probabily increase tile
creep. This can occur e.g when the
cornposition has been insufficiently
milied

Influence of Dry Colouring on
Creep

Creep Lests were conducted on test
pieces cut from lwo types of indus-
trial fired glazed porcelain tiles: these
were fabricaled using either a
coloured spray-dried powder, or a
non-coloured spray-dried powder
The test pieces measured 220x20
mm? and were machined to elimi-
nale the rear rib. The average thick-
ness of these test pieces was 6,4 mm
and the applied load was 22 MPa

Fig 18 shows that both lest pleces
undergo strain (creep) with time,
which is very rapid at the beginning
of the test and progressively stabilis-
es with time |t may be observed that
Lhe piece with pigment displays a
considerably larger strain than the
non-pigmented piece, indicaling
that the capacity to deform under a
given stress is much greater for the
pigmented pieces

Although this study has not exam-
ined the origin of this difference, the
reason lhat the coloured piece
exhibils greater creep can be related
to the microstructure of this lype of
tile, in which the pigment particles
are concentrated in certain areas of
the piece (the contact areas between
the spray-dried powder granutes}
[11] These regions can act as micro-
crack-initiating flaws when larger
percentages of pigment are used,
whose growth under the application
of a particular stress could criginate
the greater creep chserved

These results do not allow it to be
directly cencluded that the dry-
celoured pieces will display greater
problems in regard to delayed cur-
vatures, since that depends on the
other faclors involved Indeed, there
are coloured models thatl exhibit no
delaved curvatures However, with
the existence of asymmelric residual
stresses in the liles, and the ather
lactors being equal, the tiles that
present the greatest creep are more
likely to change their curvalure with
time

Influence of the Presence of
Glaze on Delaved Curvature
Fig 19 presents the evolution of the
deflection with lime for glazed
porcelain tiles, size 300x600 mm,
wilh the dry-coloured body, with
antt without the presence of glaze. It
shows that while the tile with the
glaze displays a qualitatively simitar

14 ¢
o Withowt glaze
= Wilh glaze

124
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Fig 19 Evolution of tile deflection with and without glaze
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Fig. 20 Resiclual stress profile as a function of type of cooling
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curvature evolution Lo that shown in section 2, the body
without the glaze evolves in the opposite direction It
should be noted that the time at which the minimum
curvature in the glazed piece is observed (24 h, 0,37
mm-} practically colncides with time at which the max-
imum curvature is detected in the tile withouwt the glaze
(23 1, 1,02 mm?).
This behaviour may be due to the existence of different
rates of expansion between the fair face and the rear
surface, since the tiles have been fired with the same
cycle and, therefore, the residual stresses caused by
cooling should be similar
This same behaviour was also observed in pieces of
unglazed porcelain tiles, which seems Lo indicale Lhe
encrmous influence of the glaze on the evolution of cur-
vature with time
Influence of the Cooling Stage
The cooling stage in industrial roller kitns typically has a
first rapid-cooling section by injection of air at ambient
temperalure into the kiln This type of cooling produces
high temperature gradients between the surface and
the inner part of the tile, which leads to residual stress-
es that can originate delayed curvalures.
This part of the study examined the influence of cooling
on residual stresses in the body. It was conducted using
test pieces of 150x30 mm? cut from green industrial
glazed porcelain tiles, which were fired in an electric lab-
aratory kilre at 1200°C for 6 min and cocled outside the
kiln (air quenching) in two different ways:
s Symmatrical cooling: with the piece in a vertical posi-
tion. Both sides of the piece were identically cooled
= Asymmetrical cooling: with the piece placed horizon-
tally on a refractory slab In this case, cooling basical-
ly tock place through the top
The stress profiles of the two test pieces cooled in dif-
ferent ways are shown in Fig. 20 It may be observed
that in both cases the two surfaces of the pieces are sub-
jected Lo a compressive stress, whereas the inside of the
piece is under tension, which is the usual sitwation in
ceramic materiats Cooling is also observed to have a
considerable influence on the stress profile Thus, when
the test piece is identically cooled at both faces (piece
cooled in a vertical position), the stress profile is sym-
metrical, whereas the piece cooled in a horizontal posi-
tion on refractory slab (asymmetric cooling) dispiays a
nan-symmeirical profife. These results confirm that the
differences in the cooling rate through the top and bot-
tom of the piece can lead to asymmetrical stress profiles

Conclusions

This study has examined the factors that may influence

delayed curvatures in porcelain tiles and allows the fal-

towing canclusiens to be drawn:

= The variation of curvature with time in industrial
porcelain tiles has been quantified, it being observed
that there is a change in curvature trend (concave.
convex} This means that there are two simultaneous,
opposing mechanisms, with different kinetics, which
influence the process

» The theoretical analyses indicate that there are just
two factors thal can cause the delayed curvatures:
residual expansion of the bodies, and stresses. In both
cases, it is necessary for additicnal circumstances to be
present for delayed curvatures lo appear; thus, expan-
sion needs to be different at the fair face and at the
rear face. Uniorm expansion would cause a stight
dimensicenal change, bul not significant delayed cur-
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vature, not even in the presence of
glaze In regard lo the residual
stresses, the stress profile needs to
be asymmetrical and there needs
ta a mechanism that allows their
release (Creep)

The measurement of the factors
that influence delayed curvatures
is complex because il usually
requires use of other lechniques
than those typicaily ermployed in
characterising ceramic tiles Proce-
dures have been fine-tuned in the
study to measure the different fac-
tors that preduce delayed curva-
tures A device has been designed
that automatically offsets tempera-
ture for measuring the expansion
of the bodies when they leave the
kiln; the sirain relaxation slotting
method (SRSM) has been appiied
to measure the residual stresses in
porcelain tiles, and 3-point bend-
ing tests with constant loading for

o

E58

o

L]

o

several days have been used to ver-
ify the presence of creep in porce-
lain tile bodies

It has been verified that porcelain
tife bodies undergo expansion
when they exit the kiln These hod-
ies also display residual stresses
and creep, which coutd explain the
gxistence of delayed curvatures
Experiments have been conducled
maodifying the type of spray-dried
powder, eliminating the glaze, and
madifying the cooling. These
experiments have provided initial
information on the influence of the
characteristics of the malerial and
of the manulacturing process on
creep, residual stresses, and
delayed curvature

Though much remains to be done
in the field of delayed curvatures,
the results obtained tlay the

groundwork for a systematic sludy
of delayed curvatures.
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