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Abstract

The changes in brick porosity upon firing (700 up to 1100 °C) and its relation to the mineralogical composition are examined. Two
types of raw clay with a composition representative of that used in brick-making industry were selected to manufacture the bricks: one
contains notable amounts of carbonates, with a grain size of under 1 mm, and the other is predominantly quartzitic and lacking in
carbonates. We demonstrate that the presence or absence of carbonates strongly influences the porosity development and, therefore, the
brick texture and physical-mechanical properties. The carbonates in the raw clay promote the formation of fissures and of pores under 1
pum in size when the bricks are fired between 800 and 1000 °C. The absence of carbonates results in a continuous reduction in porosity
and a significant increase in the pore fraction with a radius (r)>1 pm as the firing temperature rises and smaller pores coalesce.
Porosity and pore size distribution results obtained from the combined use of hydric tests (HT), mercury intrusion porosimetry
(MIP) and digital image analysis (DIA) of scanning electron microscopy photomicrographs are compared. A clear correlation
between the water absorption and drying behaviour of the bricks and the porosity plus pore size distribution is observed. DIA
discloses the evolution of size, shape and connectivity of macropores (r> 1 pm) and evidences that MIP results underestimate the
macropore content. Conversely, MIP gives a good estimate of the open porosity and of the distribution of pores with r<1 um. It is
concluded that the combined use of these complementary techniques helps to fully characterise the pore system of bricks. These
results as well as the study of the evolution of the speed of ultrasound waves vs. time yield useful information to evaluate the bricks
physical-mechanical behaviour and durability. The relevance of these findings in the conservation of historic buildings is discussed.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction the materials, both inevitably favouring their deteriora-

tion.?3 Moreover, variations in the porosity markedly
4

Rocks and many artificial construction materials (e.g.,
bricks, mortar, concrete, etc.) are composed of mono-
or polymineral aggregate and empty spaces. These
empty spaces (pores and fissures) are an essential com-
ponent of the material since their volume, size and dis-
tribution affect its characteristics for industrial use and
weathering behaviour, when used for structural or
ornamental purposes.'

The pore volume and pore size determine the capacity
for fluid storage and the ease of fluid circulation within
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affect the mechanical resistance of building materials.
The porosity and, particularly, the pore-size distribution
(PSD) have been considered as key parameters for pre-
dicting the durability of different building materials, and
especially bricks, subjected to various types of weath-
ering phenomena in aggressive environments (e.g., acid
rain-related attack and dissolution, salt crystallisation
and freeze-thaw cycles).?>~7 It has been experimentally
demonstrated that bricks (as well as other construction
materials such as stone or mortar) with a high porosity
and a high percentage of pores with r<2.5-1 um are
most susceptible to weathering, particularly due to salt
crystallisation and freeze-thaw phenomena.>>%89
Thus, porosity and PSD have been considered crucial
parameters to determine the durability of construction
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materials.'® However, durability indexes for bricks
based solely on total porosity and PSD determined by
means of MIP>® are questioned due to this technique
important limitations.!!

Firing of clay bricks produces a series of mineral-
ogical, textural, and physical changes that depend on
many factors and influence porosity. As an example,
grain size is a significant parameter, since ceramics
manufactured with a high sand fraction tend to be very
porous and permeable.!? Significant variations in the
composition and/or concentration of mineral phases
also cause changes in the pore system.!3 It has been
shown, for instance, that a high proportion of calcite
produces more porous ceramics due to its high tem-
perature (T) decomposition and the release of CO,.'4
The physical-chemical changes that occur during firing
are partly responsible for volume changes in ceramics.
These changes comprise rapid, uneven expansion and
contraction associated with chemical-structural changes
that can show up as exothermic or endothermic reac-
tions.!> Generally, products fired at high T are more
vitreous and undergo the greatest changes in size (con-
traction) and porosity.!®1¢~18 Contraction and, there-
fore, an excessive reduction in porosity during the firing
of a raw clay, can be reduced by mixing it with brick
dust obtained by firing the same clay. The added brick
dust does not cause changes in the mineralogical com-
position, and its volume is not reduced during the sec-
ond firing.!” On the other hand, the porosity can be
increased without altering the composition by adding to
the clay a material that will calcinate completely, for
example, coal powder.'4

Although the water absorption behaviour, density
and porosity of different types of bricks have been
studied and compared,>!%?° there is still no detailed
explanation of their relationship with the textural fea-
tures of the ceramics after firing. Some relationships
between clay mineralogy and porosity are known,?!-??
but the effects of the presence of new mineral phases on
the porosity and its possible evolution over time have
not been well established. On the other hand, the study
of the pore system of ceramics is normally performed
using a single technique (e.g., mercury intrusion por-
osimetry, MIP).!! The instrumental limitations and
imprecision of most common techniques for por-
osimetry analysis lead to incomplete, sometimes mis-
leading results if used alone.?? The joint application of
complementary analytical techniques based both on the
direct observation of the pore system (i.e. optical and
electron microscopy coupled with digital image analysis,
DIA)?>*2% and on the indirect evaluation of the porosity
and PSD (e.g., MIP and hydric tests, HT)>%!827 to
characterise the pore system of ceramics may help solve
this problem. Since the information on porosity strongly
depends on the experimental technique employed,?® the
combined use of the above mentioned techniques may

yield both important information regarding limitations
of a particular technique and a more accurate/complete
picture of the pore system of bricks. Nonetheless, to our
knowledge there is no study of the pore system of bricks
performed combining the use of all of the above
mentioned techniques (i.e. HT, DIA and MIP).

The accurate and thorough study of the bricks pore
system is important not only to further our knowledge
of ceramics, but also due to the interest in civil engin-
eering and architecture regarding the physical-mechan-
ical characteristics of these building materials. These
characteristics include the reduction in both the
mechanical resistance over time because of fluid circu-
lation in the pore system of solid bricks,”® and the
bonding strength between the bricks and mortars or
cements and other building materials.3°

The main aim of this work is to shed light on the
relationships among the raw clay composition, firing
temperature, porosity and PSD of solid bricks, through
the analysis of results obtained using different analytical
techniques. Knowing these relationships will aid in
evaluating the physical-mechanical performance and
the durability of bricks and their compatibility with
other building materials. Thus this study may have
important implications in the conservation of historic
structures made of bricks.

2. Materials and methods

The solid bricks were prepared by hand in the
laboratory. Water was added (400 ml/kg raw material)
to make the clay plastic. The clay was then placed in a
wooden mould to shape the bricks, which were subse-
quently air-dried. The average T and relative humidity
(RH) in the laboratory were 25 °C and 50%, respec-
tively. Two types of clays were used: one (V) contains
significant amounts of carbonates: calcite and dolomite
with a micritic and sparitic texture. Grain size varied,
but was never over 1 mm. The other clay (G) is
predominantly siliceous and lacking in carbonates. It
has a higher concentration of phyllosilicates (i.e. clay
minerals). Details on raw clay mineralogical compo-
sition and grain size distribution have been published
elsewhere.?!

These two clays are considered representative of the
main types of raw clay materials commonly used in
brick-making industry.3>33 The use of carbonates in
ceramic products was already common in Roman times
when lime-rich marls were chosen in the production of
“terra sigillata”.3*

The samples were fired in an electric oven (Herotec
CR-35) at T of: 700 °C (G7 and V7), 800 °C (G8 and
V8), 900 °C (G9 and V9), 1000 °C (G10 and V10) and
1100 °C (G11 and V11). The temperature was increased
by increments of 3 °C per min, and was maintained
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constant for 1 h at 100 °C and 3 h at the maximum 7'
for that run.

The mineralogy was determined by X-ray diffraction
(XRD), using a Philips PW 1710 diffractometer equip-
ped with an automatic slit window. The settings were:
Cuk, (A=1.5405 A), 3 to 60°26 explored area and
goniometer speed of 0.01 °260/s. Semiquantitative analy-
sis of mineral phases was performed using experimen-
tally determined reflectance power of each phase,
according to the methods proposed by Culliti*> and
Rodriguez Gallego.?¢

The textural evolution of the bricks and the changes
in the components of the prograde phases were studied
by scanning electron microscopy (SEM), using a Zeiss
DMS 950 SEM coupled to an EDX Link QX 2000
microanalyser. Details of phase transformations (i.e.
dehydroxilation and partial melting of phyllosilicates, as
well as high-T aluminosilicate phases formation) were
observed using a transmission electron microscope
(Philips CM20), operated at a 200 kV acceleration vol-
tage and equipped with an EDAX solid-state energy-
dispersive X-ray detector with an ultra-thin window
(UTW). The objective aperture was 40 um, which is a
compromise between amplitude and phase contrast
images. Prior to TEM observations, the selected areas
of a Canadian balsam-mounted thin section were
removed, further thinned using a Gatan 600 ion-mill
and finally carbon-coated (as in Barber).?”

The parameters associated to fluid uptake and trans-
port inside the pores were determined by hydric tests
immediately after removing the bricks from the kiln and
cooling them to about 25 °C. Water absorption,3® dry-
ing*® and capillary uptake*® were determined by weigh-
ing the samples (three samples per brick type) at regular
intervals. The absorption coefficient, the drying rate,
the apparent density, and the open porosity were calcu-
lated. The samples used for water absorption and drying
tests were cubic (3 cm per side), whereas the ones for the
capillarity test were parallelepiped (7x3.5x2 cm).

The distribution of the pore access size and its evolu-
tion as a function of the firing 7, as well as the pore
volume, were determined by mercury intrusion poro-
simetry (MIP). Freshly cut brick chips of ca. 2 cm?® were
oven dried for 24 h at 110 °C and subsequently analysed
using a Micromeritics AutoPore IIT 9410 porosimeter.
Two MIP measurements per brick were made. SEM
secondary electron images of polished thin sections of
brick samples were obtained and a digital image analy-
sis (DIA) of these photomicrographs was performed in
order to validate and complete the MIP data. The SEM
images were digitised and the Scion Image v. 4.0.2
(Scion Corporation©, USA) software package was used
to quantify changes in porosity and PSD (pores with
radius larger than 0.5 um) following firing at different 7.
Three maps per brick sample with different magnifica-
tion (200x, 400x and 700x) were acquired to quantify

different ranges of pore sizes. In order to perform the
DIA, SEM grey-scale images were converted to binary
by a thresholding process: solid parts were displayed in
white and holes (i.e. pores) in black. A filter was applied
performing an erosion operation, followed by dilation
which smoothed objects and removed isolated pixels.
Black pixels were counted and the total porosity and
PSD were determined. Pore shape, spatial distribution,
and connectivity were also studied using this method.
Finally, to evaluate the possible evolution of the brick
porosity (e.g., development of fissures) over time once
finished the firing process, which might affect the
mechanical characteristics of the bricks, the ultrasound
propagation velocity (V,) was measured at pre-defined
intervals and in three perpendicular directions. Vp; is
the ultrasound propagation velocity perpendicular to
the brick face, Vp, is the velocity perpendicular to the
end and Vp; is perpendicular to the side. The samples
used for this test were 10x7x3.5 cm. The measurements
(15 in each direction) were performed with a Steinkamp
BP-5 ultrasound generator with 100 kHz transducers.

3. Results and discussion
3.1. Mineralogy

Table 1 displays the concentrations of the mineral
phases in the raw materials and bricks determined by
XRD (error of £5%). The concentration of non-crys-
talline phase (f) has been calculated considering the
quartz contents as constant.*!

Table 1
XRD semiquantitative analysis (wt.%) of non-calcareous (G) and
calcareous (V) raw material and bricks fired between 700 and 1100 °C

Sample Qtz Phy Hem Mul Fs Cal Dol Wo+Di Gh f

G 50 40 - - 10 - - - - -
G7 50 40 5 - 5 - - - - -
G8 50 30 5 - 5 - = - - 10
G9 50 30 5 tr <5 - - - - 10
GI10 50 — <10 tr 5 - - - - 35
Gl11 50 - 10 tr trt - - - - <40
\Y% 40 30 - - 5 15 <10 - - -
\4 40 30 - - 10 15 <5 - - -
V8 40 25 tr — 10 - - - <10 15
V9 40 20 5 - 5 - = - 10 20
V10 40 - 5 - o> - - <5 10 <30
V11 40 - 5 tr 15 - - <10 5 25

Symbols after Kretz:’" Qtz=quartz; Phy = phyllosilicates; Hem = he-
matite; Mul=mullite; Fs=feldspar; Cal=calcite; Dol=dolomite;
Wo + Di=wollastonite + diopside; Gh = gehlenite; f=non crystalline
phases. G/V: green raw material; G7/V7: fired at 700 °C; G8/V8: fired
at 800 °C; G9/V9: fired at 900 °C; Gl0/V10: fired at 1000 °C; G11/V11:
fired at 1100 °C; tr =traces; —= not present.

4 Sanidine.

® Anorthite.
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In the G raw material, quartz is the most common
mineral phase; the other components are phyllosilicates
and feldspars. The <2 pm fraction includes illite, smectite
and low amounts of chlorite/kaolinite and paragonite.
The V raw material consists primarily of phyllosilicates
and quartz, with minor amounts of calcite, dolomite
and feldspar. The clay fraction consists of illite, smec-
tite, paragonite and chlorite/kaolinite. The main differ-
ences between the two types of clays are found in the
>2 pm fraction, as V has around 20% carbonates and
G is lacking in carbonates. Firing causes significant
changes in the phyllosilicates. At 700 °C, only dehy-
droxilated illite/muscovite remains, which is structurally
very similar to the hydrated phase.*? Its amount drops
as the T increases, this phase disappearing completely at
T >900 °C. All the other reflections of the clay miner-
als, except chlorite, vanish between 450 and 550 °C.+
Mullite is formed at the expense of illite/muscovite**
and is detected in both brick types at about 900 °C,
increasing in concentration as the 7 rises. Mullite is
always more abundant in the G samples. Other mineral
phases also increase in concentration as the 7 rises, such
as hematite. This only occurs in the G samples, though,
as in the V samples, the iron is “trapped” in the network
of the calcium silicates and aluminosilicates and, there-
fore, the formation of hematite is inhibited.*> New
phases appear in the V samples after firing: gehlenite (a
melilite group phase) appears at 800 °C, increases in
concentration at 900 °C and drops at higher T wollas-
tonite and diopside appear at 1000 °C and increase in
concentration as the firing 7 rises. The non crystalline
phase (f) is more abundant in carbonate rich bricks (V)
fired at low temperatures. However, at 7>1000 °C the
trend reverts and the non carbonate bricks (G) are the
most vitrified. For more details on the evolution of the
bricks mineral phases see Cultrone et al.3!

3.2. Textural evolution

SEM revealed how the shape of the pores in the bricks
as well as the brick texture undergo significant changes
which depend on the firing 7" and raw clay composition.
The samples fired at 700 and 800 °C maintain the
sheetlike fabric of the phyllosilicates (Fig. 1a), although
the muscovite crystals show marked exfoliation along
their basal planes following the loss of K* and OH~
groups.** Interconnectivity between particles is limited.
In addition, the V bricks show fissuring (white arrow on
right in Fig. 1b), which is entirely lacking in the G
samples, evidencing the first difference in the pore
structure between the two brick groups. This textural
difference can be accounted for by the mineralogical
composition of the two groups, specifically, the carbo-
nates in the V clay (Table 1). When the firing T exceeds
700 °C, calcite and dolomite begin to decompose, dis-
appearing at 7>870 °C3* Calcite is transformed into

calcium oxide, which occurs as extremely porous aggre-
gates (pores <0.5 um) (see left side in Fig. Ib). In the
presence of humidity, the CaO rapidly reacts and is
transformed into portlandite. This reaction is exothermal
and causes a considerable increase in volume:*®

co .
calcite 2 lime portlandite

CaCOs; A—T>CaO + H,0 — Ca(OH), e

The dolomite decomposes in accordance with the
following equation:

dolomite lime periclase

CaMg(CO3), — CaO+MgO +2CO, 2)
AT

The MgO, in the presence of H->O, undergoes a slow
transformation into brucite and eventually into hydro-
magnesite, according to the following reactions:*’

brucite

MgO + H,O — Mg(OH), 3)

hydromagnesite

5Mg(OH),+4C0O, — Mgs5(COs3),(OH),x4H,0 4)

The new-formed portlandite exerts a notable crystal-
lisation pressure in the confined spaces of the brick pre-
viously occupied by CaO, producing radial fractures
around the original carbonate grains.*®4° This is a
notorious problem in ceramics made using raw materi-
als rich in carbonates (most acute when their grain size
is > 1 mm) and it is known as “lime blowing”.>*>! Such
effects are less evident in the case of MgO, which
hydrates very slowly.>? At 700-800 °C there is no clear
evidence under SEM of partial fusion or vitrification,
only sintering due to solid state reactions among adja-
cent crystals is observed and results in a slight porosity
reduction (see below). Nonetheless, the XRD data point
to the presence of non-crystalline phases (Table 1).
Since the sintering rate is proportional to the particle
size,>® it can be concluded that G and V bricks are
expected to undergo the same level of sintering since
both raw materials have similar granulometry.3!

Vitrification can be clearly detected when the samples
are fired at 900—-1000 °C. At 900 °C, the pores are still
irregular and angular, but the phyllosilicates deform
and tend to clump (Fig. Ic). This is particularly evident
in non-calcareous bricks. Other authors>* have observed
the formation of fine glass filaments obstructing or fill-
ing the smaller pores in non-calcareous clays fired at the
same 7.

TEM images of muscovite crystals evidence exfolia-
tion along the basal planes at 700-800 °C due to dehy-
droxilation (Fig. 2a). The development of incipient
ellipsoidal gas bubbles within the phyllosilicates is also
observed at 800 °C (Fig. 2b). The formation of melt
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Fig. 1. SEM photomicrographs of G and V samples fired at: (a) 700, (b) 800, (c) 900, (d) 1000 and (e) 1100 °C. See text for details.
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pools within mica crystals that include nanometer-sized
mullite crystals is observed at 900-1000 °C (Fig. 2¢). A
large number of mullite crystals grow within the melt at
T>1000 °C (Fig. 2d), when partial fusion of the mineral
grains is significant.

At 1000 °C the phyllosilicate surfaces become
smoother and the pores become ellipsoid with smooth
edges. These effects are less pronounced in the samples
made of calcareous clay (V, Fig. 1d) than in the sili-
cate-rich ones (G, Fig. 1d). In fact, calcite and dolo-
mite act as flux at low T (see f amounts in Table 1),
but they are not as effective in promoting vitrification
at high T,%3-¢ favouring rather a stable structure up to
1050 °C.>* This occurs due to the incorporation of
silica and alumina in the structure of new, high-tem-
perature phases such as gehlenite, diopside and wollas-
tonite (see Table 1) that hamper the formation of an

aluminosilicate melt.>” The fact that vitrification is more
extensive in the non-carbonate samples at higher 7 can
also be explained if we take into account that the G
clays have a higher proportion of phyllosilicates
compared to the V clays (Phy in Table 1). As indi-
cated by Brearley and Rubie,’® these phases can
release notable amounts of H,O upon dehydroxyla-
tion, thus inducing melting. This is consistent with
our TEM observations revealing first melting within
dehydroxilating phyllosilicates (i.e. muscovite). As T
increases, particle interconnectivity causes a reduction
in porosity. At 1100 °C, there is extensive vitrification
in all the samples, regardless of the starting miner-
alogical composition; the pores coalesce and become
spherical (“cellular structure”,” Fig. le) due to the
partial or total melting of the clay particles in the matrix
and the release of gases.®%-!

Fig. 2. Representative bright-field TEM images of phyllosilicate (muscovite, Ms) textural and phase transformations following (non-calcareous)
brick firing: (a) Ms crystal showing exfoliation along (001) basal planes following dehydroxilation at 800 °C; (b) Ms crystals with ellipsoidal “bub-
bles” formed along (001) basal planes (800 °C); (c) high resolution lattice fringe image of a Ms crystal (oriented with (001) perpendicular to the
image plane) with melt pools developing along (001) planes. Note the oriented growth of prismatic mullite (Mul) crystals within the melt pools (brick
fired at 900 °C); (d) Ms pseudomorph partially transformed in an aggregate of Mul crystals embedded in melt (1000 °C). For details on the com-

position and T-evolution of these phases see Rodriguez-Navarro et al.**
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3.3. Hydric behaviour

Table 2 presents the hydric parameters of each brick
type versus the firing 7. The free water absorption test
(Al) evidences how the samples fired at 1100 °C absorb
the least amount of water (Fig. 3a), and they do so quite
slowly (i.e. having the lowest absorption coefficient, Ac).
However, whereas the G bricks systematically absorb
less water and at a slower rate as the firing 7 increases,
the V bricks show the highest Al and Ac in samples fired
at intermediate 7 (V8, V9 and V10, Fig. 3a). This
appears to be due to the presence of microcracks and
fissures in the latter bricks as previously indicated. To
evaluate the degree of pore interconnectivity (Ax) and
its modification with firing, the free water absorption
(Al) was compared with the forced water absorption
(Af) values using the following equation:

_Af—Al

Ax AT

x 100 ®)

As the interconnectivity between the pores diminishes,
the difference between Af and Al increases. Therefore,
Ax suggests the existence of pores of difficult access
(e.g., bubbles in the cellular structure®) that are not
easily accessible under natural conditions (only under
forced water absorption), which indicates, to a certain
extent, the degree of melt development in the bricks, at
least for those fired at high 7. In fact, the highest Ax
values are found in samples fired at the highest T.
However, if we examine the evolution through the full
range of T, it can be seen that in the V samples the
lowest Ax values are found between 800 and 1000 °C.
This is apparently due to the presence of fissures asso-
ciated to “lime blowing”.>! Conversely G samples show
a continuous Ax rise with increasing 7. The highest
values (at 1000 and 1100 °C) are indicative of a good
development of the vitreous phase, as confirmed by the
melt development (f) data in Table 1. The drying test
reveals that the G bricks lose water faster, at any 7,
compared to the respective V samples (Di, Table 2).
Moreover, the water loss of G bricks is faster the higher
the firing 7, while in the V bricks the same only occurs
with the samples fired at the lowest and highest 7" (V7

and V11, Fig. 3b). Of these two extremes, only V11
reaches drying index values (Di) comparable to those of
G samples.

These results denote a better quality of the G bricks
since, the lower the absorption coefficients (Ac) and
drying index (Di), the lower the negative influence of
water on the bricks. As a consequence, higher durability
can be expected'* as demonstrated experimentally by
our group (i.e. submitting this bricks to salt crystal-
lisation and freeze—thaw tests).®> It must be remembered
that the drying index is calculated as a function of the
time necessary to obtain the full drying of the samples,*’
but it does not give the absolute rate (i.e. the slope of
the drying curve) at which one sample dries with respect
to another. To determine the rate at which the bricks
dry it is necessary to examine the evolution of the drying
curve for the samples. The curves in Fig. 3b are differ-
ent. All of the G samples have straight slopes parallel to
each other in the first section. This phase corresponds to
the constant drying rate,®® where porous structure of the
brick has no significant influence on the drying. The
drying evolution changes where the slope peaks (critical
moisture content®®) due to the type of pores and the
degree of interconnectivity, after which the slow drying
(falling drying rate®®) of samples begins. The figure
reveals that the drying process of the G bricks is domi-
nated by the constant drying rate (the straight section of
the slopes is decidedly longer than in the V samples).
This circumstance seems to be due to the formation of
relatively large, uniform pores, as revealed by DIA and
MIP (see below). In samples V8, V9 and V10, the drying
is mainly controlled by the falling drying rate period due
to the presence of large and small pores connected by
fissures and microcracks.®® The curve of V11, however,
is comparable to those of the G bricks.

This behavioural “anomaly” in samples V8, V9 and
V10 is primarily due to the transformation of calcite (or
dolomite) into CaO (or CaO +MgO), creating a highly
porous system with very small pores® (see Fig. 1b). This
circumstance causes greater water absorption and
slower drying.®> Samples V7 and V11 have the lowest
values of free water absorption and drying index
because of the lack of microcracks and/or micropores
(here referred as those with radius <1 um). At 700 °C

Table 2
Hydric parameters of non-calcareous (G) and calcareous (V) bricks fired at different 7’

G7 G8 G9 G10 Gl1 V7 V8 V9 V10 Vil
Al 24.29 24.84 23.15 14.94 9.85 21.35 25.58 23.69 25.39 18.72
Af 24.85 25.14 23.90 16.76 12.51 21.80 25.60 23.71 25.49 21.96
Ax 2.25 1.19 3.14 10.86 21.26 2.06 0.08 0.08 0.39 14.75
Ac 0.088 0.097 0.078 0.053 0.033 0.078 0.107 0.098 0.104 0.075
Di 0.071 0.079 0.061 0.053 0.037 0.166 0.328 0.326 0.239 0.058
P, 38.63 39.28 37.41 27.49 19.45 36.14 40.13 36.97 40.58 31.21
Pa 1.58 1.58 1.61 1.83 1.97 1.67 1.60 1.60 1.60 1.65
C 3.30 3.19 3.05 2.50 1.84 2.96 3.20 3.09 2.92 2.66
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(V7), the T of transformation of calcite to calcium oxide
has not yet been reached. In the case of V11, the high
degree of vitrification at 1100 °C (revealed by SEM,
TEM and XRD) counters the expansion force exerted
by the portlandite; furthermore, the calcium silicates
form a reaction ring that replaces the CaO (or

Worcerster,’ the latter effect could account for the
absence of fissures in these bricks, since lime-blowing
would not occur due to the development of the
“ring” of aluniinosilicate phases around the calcium
oxide grains, thus preventing the access of water
vapour and reducing the amount of free reactive CaO
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Fig. 3. Free water absorption (a), drying (b) and capillarity (c) curves of the G and V bricks over time.
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The differences in the hydric behaviour of G and V
bricks have been further confirmed by capillarity tests.
The G bricks fired at the highest 7 showed the lowest
water contents at the end of the test (Fig. 3c), with the
other samples also showing an inverse relationship
between water content and firing 7. In the V bricks,
sample V11 absorbed the least water, followed by V7,
with the remaining samples all absorbing larger
amounts of water.

In the G bricks, as mentioned, the absorption and
porosity (Table 2) decrease as the T increases. Con-
tinuous reduction of brick porosity upon firing at
increasing temperatures is a well-known fact.!” In the V
bricks, however, the porosity evolution with increasing
T is far more complex. It is affected not only by the
development of fissures at T between 800 and 1000 °C,
but also by the different porosity system caused by the
carbonate presence. In the G bricks, the open porosity
(P,) values drop by 20% between 900 and 1000 °C,
indicating a significant increase in vitrification (f,
Table 1) and densification (p,, Table 2) of the ceramic
bodies. However, in the V' bricks the most significant
reduction in porosity occurs between 1000 and 1100 °C.

3.4. Mercury intrusion porosimetry analysis

The different characteristics in the porosity of the G
and V bricks are confirmed by MIP studies, particularly
when analysing the distribution of the pore sizes. In
both groups of samples the distribution of pore access
radius peaks at around 1 pm (Fig. 4), although there are
appreciable differences. The MIP diagrams for the G
samples show a displacement of the pore access radius
towards larger sizes as the firing 7 increases. In fact, the
larger pores continue growing, whereas the smaller
ones, which are initially open, close due to the vitrifica-
tion process.'®27 The same process takes places in the V
bricks, although only at 1100 °C; the intermediate
T samples have a wider range of pore sizes and a higher
percentage of small pores (down to 0.01 pm in radius).
These results are consistent with SEM observations
(Fig. 1b). The micropores are responsible for the slow
drying of these bricks (Fig. 3b).

The differences between the pore systems of the V and
G bricks are more evident if the pores are divided into
two populations based on pore size, under and over 1
um, and their evolution is observed as a function of the
firing temperature (Fig. 5). In the G bricks there is a
progressive decrease in the amounts of the smaller pores
and an increase in the larger pores as the T increases.
Both in the carbonate and non-carbonate bricks, the
smaller pores predominate when the firing 7" does not
exceed 900 °C. However, the change towards larger pore
sizes occurs at 1000 °C in the G bricks and at 1100 °C in
the V bricks. At these temperatures, the larger pores
comprise approximately 55% of the total in the V bricks

and 80% in the G bricks (Fig. 4), showing, in the latter
case, the existence of a well-developed cellular structure
due to a greater release of trapped gases (i.e. water
vapour).*’

These results explain the Al, C and P, values obtained
in the hydric assays (Table 2) and are consistent with the
SEM observations (Fig. 1), since the gradual reduction
in absorbed water by the G samples as the T rises is due
to a progressive closing of the smaller pores caused by
the advancing vitrification of the samples and the for-
mation of large, isolated pores. In the V bricks, similar
values were obtained for absorption and porosity up to
1000 °C, with scarcely any changes in the porous sys-
tem. However, at 1100 °C the free absorption (Al) and
the open porosity (P,) abruptly dropped due to an
increase in the vitrification, while the pore size increased
(r>1 pm) in the so-called cellular structure.>

3.5. Digital image analysis

Figs. 6 and 7 show DIA results of V and G brick
samples, respectively. The pore-size range analysed was
0.5<r<15 pm. PSD histograms of G and V bricks evi-
dence a systematic increase in pore size as 7 rises. This
is consistent with the previous results (i.e. MIP analy-
sis). Nonetheless, DIA of brick samples helps to com-
plete MIP results and to overcome some of the
limitations of the latter technique.

Non-carbonate bricks fired at 700 (G7) and 800 °C
(G8) have a significant amount of pores with 3—7 um in
radius. G8 also has abundant pores with 7-9 pm in
radius. At 900 °C (G9), when melting begins, a sig-
nificant increase in the amount of pores with r>7 um
occurs and the coalescence of the pores in specific areas
is observed. At lower T pores were scattered and more
evenly distributed (e.g., see binary images of G7 and G8
samples in Fig. 6), although some preferred orientation
of elongated pores is detected (most probably associated
to the layering of phyllosilicates). At 1000 °C (G10),
pores become larger and rounder following the devel-
opment of a cellular structure, those with r>15 pm
increasing their abundance. The smaller pores tend to
disappear, particularly those with 9—15 um in radius. It
is assumed that the larger, less angular pores developed
at the expense of the smaller. At 1100 °C (G11) pores
with 7>15 um are the most abundant and their con-
nectivity is significantly reduced.

Bricks with carbonates (Fig. 7) show less drastic por-
osity changes upon T rise (particularly in the 700—
1000 °C interval) than bricks without carbonates. At
700 °C (V7) most common pores are those with 1-5 um
in radius. Pores are evenly distributed in the ceramic
paste and almost no pore is bigger than 11 pum. Pores
with larger radius appear at 800 °C (V8). Fig. 7 evi-
dences this change. PSD remains almost unchanged at
900 °C (V9). Pores with lager radius appear at 1000 °C,
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although no significant change in pore shape or dis-
tribution is detected. In fact, pores neither reach the size
of those in sample G10 nor concentrate in specific areas.
Limited coalescence of pores occurs at 1100 °C (V11),
but PSD is not unimodal as in G11.

Table 3 compares porosity data obtained by means of
hydric tests, MIP and DIA. Differences in porosity are
quite significant in some cases. This seems to be mainly
due to the limitations of each measurement technique.
For example, in the case of MIP large pores connected
to the exterior through small ones (i.e. “ink bottle”
pores) are recorded as small pores.!! This explains why
the volume of pores with r<1 pm is systematically
greater for MIP than that calculated by the difference
between forced water absorption and DIA porosity
results. Note also that differences between MIP results
and those from the other two techniques minimise as
firing T of the samples increases. This is consistent with
the increase in pore size and subsequent porosity
reduction experienced as 7T rises. On the other hand, it
should be noted that the DIA of SEM photo-
micrographs does not provide reliable information of
pores with r<1 pm, which explains why the total por-
osity values calculated using this technique are system-
atically smaller than those determined using the other
two techniques. Nonetheless, DIA porosity values of
higher T bricks (i.e. when most pores have r>1 um and
a cellular structure has developed) match those obtained
by MIP and water absorption.

3.6. Ultrasound measurements

Ultrasound measurements at different time intervals
were carried out until stable values were obtained. A
longer period was required for the V samples due to
variations of their physical characteristics over time.
The Vp, and Vp; velocity values were always higher
than Vpy. This circumstance is due to the orientation of

100
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40 ---o--

Vol. of pores (%)

700 800 900 1000 1100

T(°C)
Fig. 5. Representative diagrams of the pore size distribution (vol.%)

of the G and V bricks with respect to 7' (°C). Legend: Bl = <1 um
pore radius; & = >1 um pore radius.

the phyllosilicates parallel to the largest face of the
brick. Therefore, their location perpendicular to the
direction of propagation of the ultrasound waves Vp,,
produces a laminar anisotropic structure in the bricks.
Ve, and Vps3, in turn, can provide variable results
depending on the orientation of the clay with respect to
the sides of the mould used to shape it and, therefore, of
the planar minerals with respect to the transducers. The
first set of measurements was performed 24 h after fir-
ing. Samples V and G show similar behaviour, although
the values of Vp at 700, 800 and 900 °C are system-
atically higher in V (Table 4). Due to the presence of
carbonates, these bricks have a lower melting 7 (eutectic
Al,03-Si0,-Ca0),% producing the formation of larger
amounts of melt at relatively low 7 and of denser
minerals (gehlenite) as was confirmed by XRD results
(Table 1). Otherwise, the little difference in the values of
open porosity (P,) could not satisfactorily explain the
afore-mentioned variation in Vp. However, at higher 7'
(>900 °C), the Vp values of the G bricks equal or
exceed those of the V bricks, possibly due to the fact
that calcite and dolomite limit the development of melt
and the subsequent densification at high 7. Therefore.f
and P, values balance out. Finally, at the highest T
(1100 °C), the Vp values of G bricks are similar to
or slightly higher than V again. This fact could be due
to the greater amount of higher-density mineral phases
in VWo=2.9 g/cm?® Di=3.3 g/cm® Gh=3.03 g/cm?
and, moreover, the Qtzao=2.53 g/cm?), despite the
open porosity being significantly higher in V than in
G (P,=31.21% and Vp;=2596 m/s in VIl and
P,=19.45% and Vp; =2415 m/s in G1l).

It was also found that the anisotropy values calcu-
lated from Vp fall when the firing T increases, which
seems logical if we assume that, at high 7, the phyllo-
silicates have transformed into other mineral phases
(e.g., mullite + melt as evidenced by the TEM analysis)
and thus the laminar morphology is lost. Note also that
angular pores, which are oriented along specific brick
planes (i.e. along the phyllosilicates basal planes) as
revealed by DIA analysis, become smooth shaped and
spherical, thereby contributing to a more isotropic Vp
behaviour.

With the passage of time, the Vp differences between
the two types of samples become more marked. In the G
bricks, the values are the same after a month; super-
posing the curves reveals only small differences accoun-
table for by the limitations of the method itself (Fig. 8),
and therefore the test was ended. In contrast, in the V
bricks, Vp varies quite erratically over time. This beha-
viour is ascribed to the degradation of the samples
caused by the development of fissures due to the trans-
formation of calcium oxide to portlandite [Eq. (1)] and
finally to calcite (cabonation) and, also, because the new
mineral phase has a lower density [CaO =3.345 g/cm?;
Ca(OH),=2.23 g/cm?]. This process, furthermore, does
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Fig. 6. DIA of SEM photomicrographs. The pore-size distribution histograms of non-calcareous bricks (G) fired at 700-1100 °C, as well as the
corresponding DIA porosity (P,) data and binary images (pores in black) are presented.
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corresponding DIA porosity (P,) data and binary images (pores in black) are presented.



560 G. Cultrone et al. | Journal of the European Ceramic Society 24 (2004) 547-564

Table 3
Comparison of porosity P (%) values obtained by means of mercury intrusion porosimetry (MIP), hydric tests (Hydric) and digital image analysis
(DIA)
PMIP PHydriC PDIA MIP Hydrlc—DIA
r<1 pm
G7 35.40 38.63 13.57 86.55 64.87
G8 33.87 39.28 17.61 86.37 55.16
G9 35.46 37.41 24.84 63.85 33.60
G10 34.32 27.49 21.68 27.53 21.13
Gl11 25.77 19.45 20.36 21.43 4.68
\Z 34.94 36.14 17.62 96.26 51.25
V8 3597 40.13 21.91 94.55 45.40
Vo9 35.82 36.97 19.94 94.59 46.06
V10 34.65 40.58 27.85 93.01 31.37
Vi1 24.20 31.21 27.65 44.73 11.41

The vol.% of pores with radius <1 pm was calculated from MIP results and by difference from Hydric-DIA porosity values.

not take place over a definite time interval, but varies
from one sample to another (see Fig. 8). Nonetheless,
the Vp does diminish over time except in the samples
fired at 700 and 1100 °C. In the first case, this is because
the carbonates are stable, while in the second it is due to
the considerable vitrification that develops. The prob-
lem of fissuring due to “lime blowing” can be solved for
instance by submerging the bricks in water. This was
verified in the laboratory with the V bricks fired at
900 °C; the lime is rapidly slaked upon entering into
contact with water and dissolves without producing any
damage. Thus, the solubilization and leaching of calcium
oxide leave large pores, improving hydric behaviour of
the material.®’

4. Concluding remarks

Table 5 summarises the main mineralogical, textural,
and pore-system differences between the two brick types
(i.e. with and without carbonates). It was confirmed that
brick porosity and its evolution with firing 7 is a para-

Table 4
Ultrasonic wave velocity (m s~') of non-calcareous (G) and calcareous
(V) bricks samples after 24 h firing

Sample Vp] Vp2 Vp3

G7 1032 1201 1483
G8 1135 1292 1560
G9 1545 2037 2090
G10 1995 2448 2706
Gl11 2415 2919 3012
Vi 1252 1562 1575
V8 1429 1880 2199
V9 1803 2101 2069
V10 1974 2220 2555
Vi1l 2596 2953 3018

meter directly associated to the mineralogical composi-
tion of the starting material. At 700 °C no major
textural or porosity differences exist between carbonate
and non carbonate bricks. At T ~800 °C the amount of
the non crystalline phase (f) is higher in carbonate
bricks which leads to higher particle connection and Vp.
However, in the presence of water (including environ-
mental humidity) calcined carbonates significantly affect
the stability of the bricks due to “lime blowing”. In
addition to CaO hydration to form portlandite
(Ca(OH),), the latter reacts with CO, to form CaCO;
resulting in further volume increase, thus producing
more fracturing. Crack development is confirmed by
higher pore connectivity (Ax). Thermal decomposition
of carbonates also causes the development of a micro-
porosity that affects the durability of the bricks. Win-
slow et al.® have shown that the development of pores
smaller than 1.5 um in radius negatively affects the brick
quality due to variations in the dynamics of the water
circulation within the pore system and the generation of
elevated crystallisation pressures associated to soluble
salts or freeze—thaw cycles, since in both cases the crys-
tallisation pressure is inversely proportional to the pore
radius.®®

At 900 °C, the non-crystalline phase f is more abun-
dant in carbonate bricks, a fact consistent with the
bricks higher Vp values. Non-carbonate bricks undergo
a slight reduction in pore connectivity and in the volume
of pores with r <1 pm. This is consistent with data given
in the bibliography.*!° In the case of clays with around
20 wt.% carbonates (V), a similar PSD is not reached
until a 7 of 1000 °C. At this latter T differences among
carbonate and non-carbonate bricks are still evident.
Non-carbonate bricks undergo a more significant vitri-
fication (f ~10% at 900 °C and ~35% at 1000 °C),
which results in reduced pore connectivity and in the
development of a “cellular structure”>® where 70% of
the pores have an access radius of >1 um.
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At 1100 °C non-carbonate bricks experience a further
reduction in pore connectivity due to enhanced vitrifi-
cation. This circumstance is due to the high water con-
tent produced by the dehydroxylation of the
phyllosilicates with the 7 increase, which favours melt
formation. A reduction in the amount of pores with
r<1 um is observed, which is more significant in non-
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carbonate bricks.>® fin carbonate bricks fired at 1100 °C
is much lower due to the formation of high-temperature
Ca (and Mg) silicates which leaves little silica or alu-
mina as a vitreous phase, since they are incorporated in
the structure of gehlenite, diopside and/or wollastonite.

In conclusion, the main problem with calcareous
bricks, therefore, is the presence of large amounts of
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Fig. 8. Variation of ultrasound velocity vs. time (days) of G and V bricks. The diagrams show the velocity (V1, V2 or V3) in m/s versus the firing 7’

in °C.
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Table 5

Summary of mineralogical and physical-mechanical characteristics of calcareous and non-calcareous bricks fired at different 7'

Brick type Mineral phases Porosity

Durability

With carbonates e Ca (Mg) silicates
o limited melt

(900-1000 °C)

(<1 pm)

Without
carbonates

e 1 Mullite + melt
e Ist melt at 900 °C
e Melt 14 1100 °C

e 1 Micropores
e 1 Cracks (“lime blowing”)
e 1+ Macropores (>1 um)

e Porosity | as T 1
e | Pore interconnection

e | Resistance to salt weathering and
freeze-thaw cycles
e Loss due to 1 micropores (AP =2y/r)

e Extensive melting =isotropic/homogeneous
texture =absence of weak planes

e 14 Durability due to limited amount

of micropores

4 =high/abundant; 11 = very high/very abundant; | little/reduced; A P=crystallisation pressure (of a salt or ice in a pore of radius r), y = interfacial

energy.

small pores (<1 pm) and the formation of fissures
which progresses quickly over time (i.e. ultrasound test
results). The fissures, which radiate out from the port-
landite grains, and the <1 um pores, formed by the
decomposition of CaCO; and its transformation into
CaO, result in a notable increase of the water absorp-
tion values whereas the drying is slower. In contrast, the
bricks made of non-calcareous clay show a clear
decrease of the water absorption values and a faster
drying as the firing 7 increases. Fissuring does not occur
in the calcareous bricks fired at 700 and 1100 °C, in the
first case because the carbonates do not undergo any
mineralogical changes, and in the second case because
of the considerable vitrification, which counters the
expansive force of the portlandite, and/or because of the
formation of calcium silicate and aluminosilicate rings
that completely surround the CaO crystals.>®

The measurements of ultrasound propagation velocity
have been valuable for detecting differences in porosity
and vitrification with respect to the firing 7 and to
evaluate the bricks anisotropy. In short, it comprises a
non-destructive procedure for evaluating the bricks
technical quality. In addition, it allows the bricks
mechanical-elastic properties to be evaluated as a
function of time.

The DIA has been demonstrated to be an efficient
technique for the analysis of the porosity of brick sam-
ples, the evaluation of PSD, and the study of pore shape
and spatial distribution.?> This technique both com-
pletes and helps correct results from other porosimetry
techniques such as MIP.

It should be noted that, taking into account all the
data on the parameters and properties of these bricks,
as well as the energy costs in their manufacture, the
highest-quality bricks are those made from the non-cal-
careous clay fired at 7 of around 1000 °C. In contrast,
raw clay with about 20% carbonates, such as the V
bricks, does not produce a good quality brick until 7" of
close to 1100 °C.

Generally speaking, the non-calcareous clay fired at
T>=1000 °C have the best hydric parameters, which are
used as indicators of technical quality and durability.®®

When there are high proportions of carbonates, higher
T must be reached to obtain a similar quality. Clearly,
the calcarcous clay fired at 800—-1000 °C should not be
discarded a priori since, as mentioned above, the prob-
lem of fissuring can be solved by submerging the bricks
in water. Moreover, the fact that such bricks have very
similar porosity values over such a wide range of firing
temperatures makes possible the production of bricks
with similar physical-mechanical properties.
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