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Development of
AIN ceramic composites for
multilayer ceramic devices
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Abstract

Mechanical and electrical properties of AIN ceramics are dependent of phase composition and
sintering temperature. TiO, and TiH, additives were chosen as the structure and properties
modifiers and HfC - as conductive phase. AIN ceramics was considered as dielectric and
conductive layers of functionally graded materials. Our investigations showed that AIN-1.5-2%TiO,
ceramic composites is a prominent dielectric with required properties and in combination with
11-17% HfC it serves as effective ceramic heater.

Broadband dielectric spectroscopy was used for the nondestructive testing of microstructure:
dispersion frequency gives information about the effective thickness of a conductive channel;
the slope of o(w) dependence gives distinction between “lattice” and “carrier” responses
corresponding to “intrinsic”, which is irreducible, and “extrinsic” processes due to some impurities
or injected carriers.

Keywords: aluminum nitride, hot pressing, dielectric response, ceramic substrates, functionally
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1. Introduction

Microminiaturization of electro technical devices leads to the
development of the functionally graded materials (multilayer
ceramic devices) - monolithic ceramic bodies with conductive
and dielectric layers made by appropriate tapes and sintered
together in one step [1]. They can serve as Multi-Chip Modules
(MCM-C) (especially HTCC) or composite heating systems
(Gradient, Ukraine [2], Fig. 1, KYOCERA Corporation, Japan
[3],). ALO, [4 - 7] and Si,N, [8, 9] are the most commonly
produced materials for high temperature dielectric matrix,
as well as AIN [10, 11, 12, 13], which has higher thermal
conductivity (320 W/m-K vs. 40 W/m-K for AL O, and 125
W/m-K for - Si,N,).

To improve mechanical and electrical properties of AIN
dielectric substrates large cations doping may be applied [14]
(Fig. 2). For example, titanium cations may be added in the form
of TiO,, TiH,, etc. Titanium oxide increases relative density,
reducesdielectricpermittivityandlosses[15]. Underdissociation
of TiO, O* ions lead to the grain elongation and formation of
plate-like morphology (i.e. the formation of polytypes in AIN).
Thus they increase toughness of the material [16]. Titanium
hydride also reveals a beneficial effect on mechanical and
thermal properties of AIN: as TiH, dissociates at 600-800°C
[17], H* cations toughen the structure due to its refinement and
formation of solid solution of hydrogen in aluminium nitride
[18]. Ti* ions may increase thermal conductivity of composites
[19]. But the effect of such toughening additives on electrical
properties of aluminium nitride ceramics was not observed or
observed only fragmentary.
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Fig. 1. Microstructure of functionally graded material which consists of dielectric
(Si,N,-based) (dark) and conductive (Si,N,-13.5 vol.% ZrC) (light) layers
obtained by one step hot-pressing [1]

1. dbra  Egylépcsds melegsajtoldssal elddllitott dielektromos (Si,N,-bdzisi, az dbrdn
sOtétebb tonusii) és vezetdréteget tartalmazo (Si,N,-13,5 vol% ZrC, az dbrdn
vildgosabb tonusi) funkciondlis gradiens anyag mikro szerkezete

For active resistive layer formation different refractory
compounds are chosen: TiN [20], MoSi, [21], TaN [22],
Mo [23], Ni [5]. HfC [24] is a promising additive for high
temperature operation. If dielectric matrix of the material is
an active element it can produce thermal energy up to 10-
30% more. Properties of resistive layer under the influence of
various technological factors can vary both in a positive and
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in a negative way. Commercially viable thermoelectric heaters
should possess a set of optimal parameters of resistive layer, such
as: the sign and value of the resistance temperature coefficient,
resistance reproducibility, maximal surface temperature at
minimal surface density of the heat load.

*  Reduce the porosity
= Reduce the resistance

T (L5A) )

AP*(0,54) . Ca?' (1.06A :
. . t';::;g:\ yd,x- ((1 06 A)) Sccond phases of a grain-boundary
N*+(0,92A) Ce*' (1.02A) Phase

= Form a porous microstructure

= Reduce the diclectric permittivity
of a grain boundary phase

= Increase the thickness of a grain
‘boundary layer

Mg? (0661
Cr(0.64A)
Si*(0.39A)

Solid solutions

Fig. 2. Effect of dopants on the complex impedance and dielectric properties of
aluminium nitride according to [14]
2. dbra A dopolé anyag hatdsa az aluminium-nitrid komplex impedancidjdra és
dielektromos tulajdonsdgaira [14] szerint

The aim of present work is the complex investigation
of electrical properties of AIN ceramics with addition of
modifying (TiO,, TiH,) and conductive phases (HfC) for the
application as substrate material for MCM and functionally
graded materials for ceramic heaters.

2. Materials and methods

Technically pure AIN powder (95 vol.%) was used for
preparation of the pure AIN ceramics (samples AIN) and AIN
composites (AIN with various additives: 0.5-4 vol.% TiO,
(samples 0.5/2/3/4TO), 0.5-3 vol.% TiH, (0.5/1/1.5/2/3TH))
(sources: AIN, HfC - Chemical reagents factory Donetsk-
Reagent, Ukraine; TiO,, TiH, - Nikolaev alumina refinery,
Ukraine). The powder was ground to 1 pm particle size in a
planetary mill for 3 h.

The samples were prepressed in the form of pellets with
diameter of 18 mm and thickness of 1 mm. Hot pressing was
done by applying pressure of 30 MPa, for 20 min at temperatures
between 1700°C and 1900°C increased with 50°C steps.

Active resistive composites were obtained from AIN-2 vol.%
TiO, dielectric matrix with the addition of 11-17 vol.% HfC
(samples 2TO-11/13/15/17HC). Samples were hot pressed at
1970 °C for 25 min under 18 MPa. Resulting dimensions of the
samples were 50x8x6 mm.

Relative density was determined as the ratio of bulk and
theoretical density. The first one was obtained by Archimedes
method, the second was estimated using mixtures rule.

Electrical resistance of the insulator was measured by
teraohmmeter. For conductive samples voltmeter-ammeter
method was used. Electric properties of dielectric samples
were measured at indirect heating from 20°C up to 350°C with
the rate of 4+1°C placing the measurement cell into a furnace.
Heating of conductive samples was made at direct conditions.

For a.c. measurements of dielectric samples the bridge
method was used in low-frequency range (10° - 10° Hz).
Capacitance and loss tangent values were obtained by direct
observation. Real and imaginary parts of dielectric permittivity
as well as real part of a.c. conductivity were calculated. In
radio-frequency region (10* - 107 Hz) the resonance method
was used.

Concentration dependence of electrical conductivity was
approximated using effective medium equation (McLachlan’s
equation) [25]:

/s /s 1/t 1/t
6. —O 6. —O
0,9 Ow 9 % O _o,

Gll/s_i_(L_l)Gl/s Gcl/l_l_(i_l)crln/l

i 9 m
crit crit

where G, 9,., C, 90 - conductivity and volume content of
insulator and conductive phases respectively; O, - critical
volume content of conductive phase at which charge carriers
can freely move from contact to contact (percolation threshold);
t, s —parameters which characterize morphology of inclusion
particles, the “shape” factor [26]. A set of s and t values was
given in [25].

3. Results and discussion

3.1 Dielectric composites

The highest density was achieved in AIN samples at 1800°C
(99.9%). Addition of titanium oxide increased the temperature
of maximal densification on 50°C.

100
< =1 'l

98 f
> / +AIN
> 96 | // ’l‘ --0.5TO
& / / -+2T0
T 94 % / 370
2 / / ~+4TO
2 92 A ; : L
© =% —¢
(9] | | X
g % / S

88 7/

86 -
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Fig. 3. Effect of sintering temperature and TiO, addition on relative density (a) and
conductivity (20°C) (b) of AIN ceramics [27]
3. dbra A szintereld hémérséklet és a TiO, adagolds hatdsa az AIN kerdmidk
ldtszélagos stiriiségére (a) és vezetSképességére (20°C) [27]

Fig. 3 shows that the presence of TiO, lowers the density of
AIN-TiO, composites at sintering temperatures below 1800°C.
At the same time, at sintering temperatures of 1850-1900°C
relative density of AIN-0.5-2 vol.% TiO, composites was equal
to that of pure AIN (99.9 %) and decreased with increasing the
additive percentage in composites with more than 3 vol.% of
TiO, (< 99.7 %) (Fig. 3.a).

It can be assumed that maximum density of the low doped
samples is explained by the formation of fusible eutectic
a-ALO, TiO +ALO; with a melting point of 1840+10 °C
which is confirmed by the results of Kume [15]. The presense
of aluminium oxide is attributed to the interaction between
aluminium nitride and water under milling.

Vol. 66, No. 3 = 2014/3 = . 59
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Minimal d.c. conductivity for AIN samples without additives
was observed at T, = 1900°C (Fig. 3.b). TiO, addition lowers
the temperature of minimal conductivity on 50 °C despite of the
additive percentage. Increase of TiO, amount from 0.5 to 4 vol.%
increased conductivity of the composites from 7-10"" up to 1-10°
101/Q-m due to TiN formation in AIN ceramics as a result of the
reaction between TiO, and AIN at temperatures >1600°C.

It can be noticed that despite of Kume’s results [12] (Fig. 4),
addition of TiO, in amount of >1.5 vol.% increases dielectric
loss tangent. Thus, it can be assumed that at first addition of
titanium oxide improves tan & due to the low loss tangent of
TiO, (< 107) but then after in-situ formation of TiN complexes
an opposite effect can be observed.

Dielectric permittivity of AIN composites with TiO, and
TiH, addition decreases with the temperature (up to optimal
sintering temperature) and increases at increasing of amount
of the additive (Fig. 5).

8103 7 100
tand ES
99 =
6102 §
// Sa —4-1850°C by Kume et al. 98 S
4103 —-+-1900°C by Kume et al. ®
Val -u-1800°C this work >
/ -=-1900°C this work 97 ©
74 "'
/ 1
2102 —
'S = A 96
0 i 95

0 1 2 3 4
Amount of TiO,, vol.%

Fig. 4. Effect of TiO, addition on loss tangent and relative density of AIN ceramics [27]
4. dbra A TiO, adagolds hatdsa az AIN kerdmidk tangens veszteségére és relativ
stirtiségére [27]

Fig. 5 indicates that ¢"and tan 0 decreased over all frequency
range. A threshold decline of permittivity and maximum of
loss tangent at 10°-10° Hz were observed. Frequency dispersion
of ¢" and tan § respond to space-charge polarization (at low
frequencies) and hopping polarization (at radio frequencies).

2103 I
tgd

1103

== =Ko

o

8 -
2 3 4 5 6 I 8
10 10 10 10 10 10 f 210

=0+0.5TO, 1800°C -=-2TO, 1800°C -2-3TO, 1800°C -¥-4TO, 1800°C
—-0.5TO, 1900°C —+-2TO, 1900°C -=-3TO, 1900°C —-AIN

Fig. 5.

The first one usually “turns oft” at lower frequencies (10°-
10* Hz at 300 K). But in the case of the present studies this
disabling was observed at higher frequency (f, = 2.5-10° Hz).

Ceramics and polycrystalline materials are usually multiphase
systems. The difference of the concentration of the charge carriers
of these phases causes polarization at the boundaries which is
usually considered as Maxwell-Wagner’s (M-W). The model of
it can be described by a conductive layer with constant value of
electric conductivity o. In this case the system is characterized
by uniform electric field so all the charges are located only
on the interfaces and space charge is neglected. According
to Trukhan [28] who described such system to be uniform
(heterogeneous) dielectric without leakage currents (but with
losses), both flat conductive layers and conductive spherical
particles surrounded by dielectric medium, &’ (¢’ = ¢) decreases
monotonically with frequency and ¢” has its maximum at the
dispersion region. Dispersion frequency can increase with
increasing the dielectric contribution (geometrical enlargement
or decrease of permittivity). It asymptotically approaches to
Maxwell-Wagner’s dispesion frequency when concentration of
charge carriers rises. As the variation of conductor parameters
in heterogeneous systems almost always exists, dispersion is less
sharp than it follows from the theory of Maxwell-Wagner.

If the heterogeneous system is assumed as flat conductive
layers (with a width of d) surrounded by a dielectric medium
with low charge concentration, then the effective thickness
of conducting channel d can be estimated on the basis of the
equation for frequency dispersion [34]:

12D
md:21tfd=d— 2)

2

where D is the diffusion coefficient for the electron in the
medium considered, which can be calculated from Einstein’s
equation:

De=ukT (3)

2109
tgd
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0 ! |
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—-0.5TH, 1850°C —1TH, 1850°C -+-2TH, 1850°C -#-3TH, 1850°C

Frequency dependences of dielectric permittivity and loss tangent of pure AIN, AIN-TiO, (a) [27] and AIN-TiH, (b) ceramics obtained with different additives and sintering temperatures

5. dbra Az adalékok hatdsa AIN kerdmidk dielektromos dllanddjdnak és tangens veszteségének frekvencia-fiiggoségére: (a) AIN és AIN-TiO, [27]; (b) AIN-TiH,
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If charge mobility p in AIN is assumed to be equal to 14 cm?/
V-sec (at 290 K), it gives the value of D = 0.35 cm?/sec.

Thus from (2) the value of d = 16 pm can be obtained. All the
samples regardless of the amount and type of the additives had
the same frequency of dispersion and subsequently an effective
thickness of conductive channel. In the authors opinion, it
is a typical situation for the materials below the percolation
threshold.

The mechanism of charge transfer in amorphous materials is
primarily hopping. Subsequently a.c. conductivity is the sum of
leakage and bias conductivity: o(w) = g, + wee tgd, where o, -
d.c. conductivity, w — angular frequency, € - relative permittivity
of the material, ¢, - the electric constant, ¢, = 8.85-10"" F/m, g0
- loss tangent. This equation can be expressed as o(w)w". In all
the previous works [29, 30] where a number of n values was
given it was believed that n < 1.

Although in contrast to electrons, ions move much smaller,
nearest-neighbor distances, neither the magnitude of a.c.
conductivity, its activation energy nor its frequency dependence
can be taken as guides to the nature of the dominant carrier
responsible for polarization [29]. However, it is known that
aluminum nitride has a wurtzite structure and the covalence
bond degree =~ 60%.

So the frequency dependence of a.c. conductivity can be
considered within Jonscher’s universal power law. The slope of
it in logarithm coordinates results an exponent which values can
be found in the range 0.5 < n < 0.9 are closely associated with
hopping electrons, n = 1 are to be associated with the “lattice”
response. The distinction between “lattice” and “carrier” responses
corresponding to “intrinsic’, that is irreducible, and “extrinsic”
processes due to some impurities or injected carriers, may prove
to be useful tools in the assessment of dielectric materials [29].

Four plots with different slopes can be distinguished on the
frequency dependence of active part of admittance: at low- (10°-
10° Hz, 10° Hz) and radio-frequencies (10°Hz, 3-10°-10” Hz). The
second and the third plots have the same slope regardless of the
type or amount of the additive and sintering temperature: =~ 1.1
(for the second) and 0.8 (with TiO,) - 0.9 (other additives) (for
the third one) which reveal dielectric response of AIN grain.
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W | -x-2T0, 1800°C
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/

Fig. 6. Temperature dependence of dielectric loss factor of AIN-TiO, ceramics

obtained at different sintering temperatures
6. dbra Az eltéré homérsékleten szinterelt AIN-TiO, kerdmidk dielektromos vesztesége
a hémérséklet fiiggvényében

In radio-frequency range the value of n of AIN-TiO,
composites increases from 0.5 to 0.8-0.9 at increase of TiO,
concentration regardless of sintering temperature. In AIN-
TiH, composites increase of TiH, amount increases # from 0.5
to 0.9-1. At higher sintering temperatures (1850-1950 °C) n =
0.4-0.5 irrespective of titanium hydrate concentration.

The present studies have demonstrated that n could be higher
than unity in contrast to the most common opinion that it is
always less than 1. Thus obtained results require further more
deeply theoretical understanding.

Dielectric loss factor did not change with the temperature
below 150°C and increased with it above (Fig. 6) which
indicates conduction losses. Deviation from optimal sintering
temperature increases ¢” that is associated with the formation
of structure defects.

3.2 Active resistive composites

All AIN-TiO,-HfC composites had high density, 97.5-
99.5%.

Asit can be seen from the percolation curve (Fig. 7), resistivity
of the composites decreases with increasing concentration of
conductive additive HfC. At the lowest HfC content (11%)
the resistivity is equal to 0.15 Q-cm. Such low value shows
that all the studied concentrations are beyond the percolation
threshold.

Metallographic analysis of composites showed (Fig. 7) that
conductive clusters are formed in a shape of longitudinally
elongated structure under the influence of magnetic field.

Modeling of percolation curve gives the values of percolation
threshold 6, = 9.9% and coeflicient t = 1.35. Besides, SIAMS
analysis showed that the ratio of conductive phase was ~ 7.9%
(for 2TO-11HC samples).

According to [25] t characterizes the shape of inclusion
particles and it is associated with “demagnetization or
depolarization” coefficients L, and L, of conductive and
insulator phase via equation:

1
t |
1-L —L
Assuming L = L, one can obtain L_= 0.13 which according to
[25] indicate the formation of disk-shaped particles. Comparing
these results with Fig. 7 authors believe that 3D morphology of
conductive particles is elongated in the third direction. The fact
that actual ratio of conductive phase is lower than expected
confirms authors’ assumption.

(4)
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Fig. 7. Concentration dependence of resistivity of AIN-TiO,-HfC composites and

microstructure of 2TO-11HC samples
7.dbra AIN-TiO,-HfC kompozitok elektromos ellendlldsdnak koncentrdcio-fiiggdsége
és a 2TO-11HC mintdk mikro-szerkezete

Temperature dependence of electric resistivity is linear (Fig.
8). Steady positive temperature coeflicient of resistance (Fig. 8)
for all the studied concentrations of HfC in a wide temperature
range makes AIN-HfC ceramic heaters the contenders to the
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analogues used today [3]. Besides, ceramic gradient materials
provide higher thermal shock and crack resistance because of
similarity of thermal expansion coefficient of the components
(5.6 10°and 4.6 10° K'! for HfC and AIN respectively).
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Fig. 8. Temperature dependence of electric resistivity and temperature coefficient of

resistance of AIN-TiO,-HfC composites
8. dbra  AIN-TiO,-HfC kompozitok elektromos ellendlldsanak hémérséklet-fiiggdsége
és az ellendllds hémérséklet koefficiense

Dependence of the surface temperature on the applied
power density (Fig. 9) showed that all the composites beyond
percolation threshold have the same characteristics despite of
the conductive phase content.

800 -
€ 700 1 1
5
600 - s
890 pe_ » 2TO-11HC
] o7
40 s 02TO-13HC
300 ~ |
g 42T0-15HC
Ea 7~ ©2TO-17HC
100 -+ _5 i
0 & ‘ | } } ‘
0 2 4 6 8 10
P, Wicm?

spect

Fig. 9. Dependence of the temperature (the difference between surface temperature
and the temperature of environment) on the applied power density of AIN-
TiO,-HfC composites

9. dbra AIN-TiO,-HfC kompozitok relativ hmérséklet-fiiggdsége (a kornyezeti és a
Seliileti homérséklet kiilonbsége) az alkalmazott energiastiriiség fliggvényében

4. Conclusions

AIN-1.5-2%TiO, ceramics showed good electrical properties
(low porosity (0.1%), dielectric permeability (9.7) and dielectric
loss tangent (1.3-107)) and can serve as ceramic dielectric
substrates and dielectric matrix for functionally graded
materials. Addition of 11-17% HfC allows obtaining heating
elements with required characteristics.

It was shown that addition of small amount of TiO, (up
to 1.5-2%) increases density and reduces dielectric loss of
the composites. But further increase of the additive content
has the opposite effect. Deviation from the optimal sintering
temperature leads to the formation of structure defects and
increases dielectric loss.

Broadband dielectric spectroscopy was used for the
nondestructive testing of microstructure: dispersion frequency
gives information about the effective thickness of a conductive
channel; the slope of o(w) dependence gives distinction
between “lattice” and “carrier” responses corresponding to
“intrinsic”, which is irreducible, and “extrinsic” processes due
to some impurities or injected carriers.
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AIN keramia kompozit fejlesztése rétegelt keramia
alkatrészekhez

Az AIN keramia alkatrészek mechanikai és villamos tulaj-
donséagai jelends mértékben fligg a fazis-0sszetételtdl és a
szinterelési homérséklettdl. A HFC mint vezetd réteg mellé a
szerzbk az anyagszerkezet és a mechanikai tulajdonsagok
modositasahoz a TiO, és TiH, adalékanyagokat hasznal-
tak. Magat az AIN keramiat, mint a dielektromos és vezetd
rétegek szatvalasztasara szolgald funkcionalis anyagot al-
kalmaztak. Az elvégzett vizsgalatok azt mutattak, hogy az
(1,5-2)% TiO, tartalml AIN keramia kompozit kiemelkedd
dielektromos tulajdonsagokkal rendelkezik, és mintegy (11-
17)% HFC hozzaadasaval kivald, hatékony keramia flitbelem
gyarthatoé belble. A szerzék a mikroszerkezet roncsolasmen-
tes vizsgalatahoz szélessavu dielektromos spektroszkdpot
hasznaltak. A diszperziés frekvencia informéacioét adott a
vezetdképes csatornak tényleges vastagsagarol; a o(w) fligg-
vény meredeksége alapjan megkllonboztethetdk a ,racs” és
a ,szallitd” alkotok, ami az adott anyagra jellemzd ,belsd”
megvaltozhatatlan tulajdonsag.

Kulcsszavak:  aluminium-nitrid  keramia,
dielektromos tulajdonséag, funkcionalis anyagok

szinterelés,

=

It is a great honour and pleasure for us to welcome you to the 14" Conference of the European Ceramic Society that will take place in Toledo
from the 21st to the 25th of June 2015. This edition will be organised under the auspices of the Spanish Ceramic and Glass Society (Sociedad
Hspafiola de Ceramica y Vidrio, SECV).

Organised every two years, the ECerS Conference is the place to be for scientists, students and industrialists willing to have a direct access to
one of the largest community of international experts of ceramic science and technology.

The conference will be organised around seven general themes that cover most aspects of ceramic science and technology, “Innovative
processing and synthesis”, “High temperature processes and advanced sintering”, “Ceramics and glasses for healthcare”, “Ceramics for energy
production and storage”, “Advanced structural ceramics”, “Ceramics for electro-magnetic and optical applications” and “Traditional ceramics,
Innovative construction materials and Cultural heritage”. Focused symposia dealing with specific issues, such as “Refractories”, will also be
organized.

The conference will also be a unique occasion for students to introduce their work, some of them having

www.ecers2015.org

the possibility to take part to the student speech contest, and for exhibitors to meet their customers.
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Computed tomography analysis and visual inspection of asphalt core samples

The air void and aggregate content of asphalt core samples could be determined by direct and
indirect methods. Direct methods are destructive since they determine the air void and aggregate
content by decomposing the mix into its individual components. The computed X-ray tomography
(CT) makes it possible to create a 3D image of the complete inner structure. This paper demonst-
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rates the CT method for determining the air void content in asphalt. It shows that the proposed

method can determine the air void and aggregate content and gives multiple additional informa-
tion about other features by showing the distribution along the vertical axis of the core sample.

Keywords: computed tomography, CT, asphalt, non-destructive testing, air void content, aggregate content.
Kulcsszavak: computer tomogréafia, CT, aszfalt, roncsolasmentes vizsgalat, Iégzarvany-tartalom,

adalékanyag-tartalom

1. Bevezetés

Helyszinen vett mintak szemrevételezése elengedhetetlen és
nagyon jol kiegésziti a laboratoriumi méréseket. A szamitogépes to-
mografias (Computed Tomography - CT) vizsgalatokkal a mintak
haromdimenzios elemezése valik lehetévé. A killonboz6 hibdkra a
CT-felvételeken és azok elemzése soran el6bb felfigyelhetiink, mint
a laboratériumi mérések sordn, hiszen ha a hiba a réteghataron
beliil van, akkor az szabad szemmel nem lathaté. A CT-vel torténé
elemzés soran viszont ezek a hibahelyek is kimutathatdak.

2. Az utpalyaszerkezetek felépitése

Az utpalyaszerkezet a kovetkezd {6 részekbdl all (1. dbra):

= burkolat, ami tartalmazza a kop6- és a kotéréteget,

= alap,

= dgyazat,

= javitott talajréteg.

Megkiilonboztetiink hajlékony, azaz bitumen kétéanyagu, il-
letve merev, azaz cement kotéanyagu palyaszerkezeteket.

Jelen cikken beliil az aszfalt burkolati rétegekkel és azok
hibainak kimutatasi lehet6ségeivel foglakozunk. Az aszfalt bi-
tumen koétéanyagbol és adalékanyagbol all.

A bitumennel szemben tdmasztott kovetelmény, hogy ne legyen
héérzékeny, lassan dregedjen és vonja jol korbe az adalékanyagot.

Az aszfaltban alkalmazott dsvanyi adalékanyagok és azok
szemcsenagysaga:

= zuzott kovek >20 mm,
= zuzalék 4-20 mm,
= zuzott homok 0,1-4 mm,
= koliszt <0,1mm.
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1. dbra Az utpdlyaszerkezet felépitése
Fig. 1. Structure of pavement

A koporétegben a ztizott anyagok bazaltbdl, illetve andezitb6l
késziilnek, a kéliszt pedig mészkdbol.

Az adalékanyaggal szemben tamasztott kévetelmények:

= megfelel§ titészilardsag,

= megfelel$ koposzilardsag,

= megfelel$ id6allosag.
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3. Miért fontos a hibahelyek kisziirése?

A burkolat hibdi a péalyaszerkezet leromldsat eredményezik.
A burkolatbdl kifurt magmintak szemrevételezésével megal-
lapithat6 t6bb, a szallitds és beépités koriilményeire jellemzd
esemény. Az elvarhatd beépitési kovetelmények betartasa ese-
tén elsdsorban a réteg alsé része a kritikus, mert az talalkozik a
fogado réteg hidegebb feliilletével, és az ott bekovetkezd gyors
lehtilés hatdsara a tomorités hatékonysdga csokken. Azonban
a belsd térbeli strukturardl nem kapunk valds képet; ahhoz
haromdimenzids elemzés lenne sziikséges, ami a CT felvételek
segitségével lehetséges [1].

A hibak tobbségének okozdja a burkolati réteg helytelen ki-
vitelezése, ezért annak vizsgalatat kiemelten fontosnak tartjuk.

A kutatas soran aszfaltburkolatu ttpalyaszerkezetekbdl furt
magmintakat szemrevételeztiink és vizsgaltunk CT-vel. A cél
az egyes aszfalt palyaszerkezeti rétegek hibdinak és hibahe-
lyeinek meghatdrozasa volt. Kutatdsunkkal azt vizsgaltuk, hogy
a CT mérések pontosabb eredményt adnak-e és ezeket hol és
hogyan tudjuk hasznositani.

Akutatds soran 6sszesen 2 db firt magmintat vizsgaltunk meg
részletesen. A mintdk magyarorszagi aszfalt palyaszerkezetl
ut teherbiras-novelése érdekében megerdsitett szakaszairdl
szdrmaznak. Az egyik minta esetében a megerdsités sordn az
eredeti burkolat fels6 2 cm-ét mardssal eltavolitottdk, és erre
keriilt ra két rétegben az Gj aszfalt burkolat. A masik minta
esetében pedig teljes elbontds utan harom vj aszfaltréteg keriilt
beépitésre. A furt magminték az alaprétegig tartalmazzak az 4j
és az eredeti palyaszerkezeti rétegeket.

A CT felvételek segitségével az egyes rétegek szerkezete,
hézagtartalma részletesen elemezhetd és az esetleges hibahe-
lyek kisziirhet6ek.

4. Vizsgalati eredmények

A CT (Computed Tomography) a szakirodalomban gyakran
szamitogépes tomografia néven ismeretes, amely a radioldgiai
diagnosztika egyik aga.

A CT késziilékek rontgensugarzast hasznalnak a felvételek
elkészitéséhez, de a sugarak nem filmet exponalnak, hanem
detektorok segitségével érzékelik a rontgensugarakat, majd a
detektorokbol nyert elektromos jelekb6l késziil el szamitogép
segitségével a rekonstrualt keresztmetszeti kép. A tomografids
felvétel esetében vékony, sikszerti rontgensugar-nyaldbbal vi-
lagitjak 4t a vizsgalt objektumot. A modern CT-berendezések
két rontgen csovet tartalmaznak és egy koriilfordulds alatt
egyszerre tobb szeletet vizsgalnak. A vizsgalat a sziikséges
szamitasokkal egyiitt néhany perc alatt elvégezhetd [2]. A teljes
kiértékelés tovabbi feladatokat jelent.

A mérés az anyagok eltéré sugargyengitési tulajdonsdgain
alapul. A p sugargyengitési egyiitthaté az anyagra jellemzd
tulajdonsdg, ami az anyag strliségét6l és a rontgensugarzas
spektrumatol fiigg.

A kép minden egyes pixele ekkor egy-egy értékkel rendelkezik,
ami az adott térfogatelem relativ linedris sugargyengitését mutatja.

A skéla fix pontjai a viz un. Hounsfield értéke (Hounsfield
Unit - HU), ami 0, valamint a levegé Hounsfield értéke, ami
-1000. A pozitiv oldalon éltaldban 3000-ig tart a skala. A mo-
dern késziilékeken lehetdség van a skala kiterjesztésére, ezéltal

részletesebb felosztasara is. A digitalis képfeldolgozas soran az
egyes voxelekhez (= volume pixel - harom dimenzi6s képpont)
rendelt érték tehat -1000 és +3000 kozott lehet [2].

4.1 Kopdréteg

A 2. dbrdn 4 cm vastagsagban beépitett kopodréteg aszfalt
magminta darabja lathat6. Az oldalnézeten nem latunk kiilo-
nosebb problémara utald jeleket, csupan a réteg alsé har-
madaban lathat6 néhany kisebb légzarvany.

2.dbra Az 1. minta kopérétegének metszete (feliil: a furat magminta egy szelete; alul:
a furat magminta feliilnézete)
Fig. 2. A section of the I*' sample’s surface course (above: a section of the asphalt
core; below: the top-view of the asphalt core)

A magminta aljardl késziilt felvételen viszont mar tobb
probléma allapithatdé meg. Lathatéan szétosztalyozdédott a
keverék (ez lehet a hosszabb szdllitasi ut kovetkezménye). A
fogado feliilet alacsony hémérséklete miatt gyors lehtilés kovet-
kezett be és a réteg aljan finom anyaggal kitoltetlen tiregek, l1ég-
zarvanyok keletkeztek.

A szétosztalyozddds miatt a durvabb (nagyobb szem-
nagysagu) zuzalékszemcsék kozotti kitoltetlen tiregek mérete
és mennyisége nagy. Az ilyen Osszefiiggd, nagy hézagok rész-
ben lecsokkentik a rétegtapadast, az egyiittdolgozast, masrészt
lehet6séget adnak a bejutd viz felhalmozddasara és transz-
portjara.

A burkolati réteg mindségének megitélése szempontjabol
- mivel a réteg feliiletével kapcsolatban 1év6 iiregek a hagyo-
manyos aszfaltsiriség-méréssel nem mutathatok ki -
problémat jelent, hogy a ténylegesnél lényegesen kisebb hézag-
tartalom keriil meghatdrozasra, tehat egy latszdlag jo mindségti
réteg mehet id6 el6tt tonkre.

A 3. abran megadtuk az 1. minta koporétegének Hounsfield-ér-
ték eloszlasat és stirtiségeloszlasat (jobb alsé dbrarész). JOl lathato,
hogy a kopéréteg aljan és tetején nagyobb a hézagtartalom (bal alsé
és kozépsé dbrarész), amit a tomoritéssel tudunk magyarazni. A ré-
teghatarig nem egyenletes a stirtiség- és a hézagtartalom eloszlasa.
A mintan beliil két metszet mentén vizsgéltuk a hézagtartalmat
és a Hounsfield-értéket (jobb alsé dbrarész): az 1. metszet esetén
kis hézagtartalom és nagy Hounsfield-érték, a 2. metszet esetén
nagy hézagtartalom és kis Hounsfield-érték volt megfigyelhetd. A
hézagtartalom névekedése a szétosztalyozodasra utal.
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3. dbra Az 1. minta kopérétegének elemzése CT-vel (bal felsé: Egy vizsgdlt
mintametszet bal also: A szeleten beliili hézagtérfogat és Hounsfield érték
eloszlds; jobb felsé: CT-s felvételek egymdshelyezésével nyert modell; jobb
kozépsé Egy szelet a prébatestbdl; jobb alsé A szelet 3D-s képe)

Fig. 3. 'The CT analysis of the 1" sample’s surface course (upper left: A section of the
sample; lower left: The distribution of air void’s volume and Hounsfield units
in the section; upper right: sequence of CT images; middle right: A cut face of
the sample and the relevant CT slice; lower right: The 3D view of the section.)

A metszetrdl késziilt fényképen és a CT-felvételeken is jol
latszik, hogy a felszint6l mintegy 4 cm tévolsagban a szem-
szerkezet eltér, ami a mar kordbban emlitett szétosztalyozodas-
sal, tomoritéssel magyarazhato.

A 4. dbrdan bemutatott kopdréteg az el6zdével azonos
épitéshelyrél szarmazik, azonban a mintavétel helyén nem 4
cm, hanem 6 cm vastagsagban tortént a koporéteg beépitése.
A szallitott anyag homogenitdsa lényegesen jobb, a durva sze-
mek eloszlasa egyenletesebb, ezért a réteg aljanak lehilése is
kisebb problémat okozott; azt lehet mondani, hogy a szokasos
nagysagrendet nem haladja meg a kialakult iiregek mérete és
mennyisége.

A 5. abrdn megadtuk a 2. minta koporétegének Hounsfield-
érték eloszlasat és strtiségeloszlasat. Jol lathatd, hogy a koporé-
teg aljan és tetején nagyobb a hézagtartalom, amit a tomori-
téssel tudunk magyardzni. A réteghatdrig azonban egyenletes
a slirdség és a hézagtartalom-eloszlas. A mintan beliil két
metszetet készitettiink, és elemeztiik a hézagtartalmat valamint
a Hounsfield-értéket: az 1. metszet esetén kis hézagtartalom és
nagy Hounsfield-érték; a 2. metszet esetén nagy hézagtartalom
és kis Hounsfield-érték volt megfigyelhetd.

A metszeteken jol latszik, hogy a szemszerkezet a kiillonb6z6
metszetekben nem tér el egymastdl, ez a réteg jol bedolgo-
zottnak, egyenletesnek tekinthetd. A 2. rétegben tapasztalhat6
nagy hézagtartalom a két réteg Gsszedolgozasakor keletkezett,
amit az eltér6 homérsékleti aszfaltok Osszedolgozasaval tu-
dunk magyarazni.
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4. dbra A 2. minta kopérétegének metszete (feliil: a furat magminta egy szelete; alul: a
furat magminta feliilnézete)
Fig. 4. A section of the 2" sample’s surface course (above: a section of the asphalt
core; below: the top-view of the asphalt core)
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5. dbra A 2. minta kopdrétegének elemzése CT-vel
Fig. 5. 'The CT analysis of the 2" sample’s surface course

Mivel a digitalis kiértékelés soran nem tudtuk kimutatni a
szétosztalyozodast, ezért megvizsgaltuk a mintdk adalékanyag
és aszfalttartalom eloszlasat is. Mindkét mintaban kozel azonos
adalékanyag- és kotéanyagtartalmat allapitottunk meg. A 6. és
7. abrdn a bekeretezett teriilet a koporétegben taldlhaté adalék-
anyag, kotéanyag és hézagtartalom eloszlasat mutatja. Megal-
lapithatjuk, hogy az adalékanyag tartalom 30-40%, a két6anyag
tartalom 60-70% kozott valtozott.

A 6. dbrdn a pirossal bekeretezett teriilet a kopdrétegben
talalhat6 adalékanyag, kotéanyag és hézagtartalom eloszlasat
abrazolja. Megallapithatjuk, hogy az adalékanyag-tartalom
kisebb, a kot6anyag-tartalom pedig nagyobb, mint a kopdré-
tegben.
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6. dbra Az 1. mintdban az adalékanyag-, a hézag- és a kotéanyag-tartalom eloszldsa
Fig. 6. 'The distribution of aggregate-, air void-, and binder content in the I** sample



épitdanyag - Journal of Silicate Based and Composite Materials

109 . ;"[”l n Hézagtartalom|
” | J l H ~— Adalékanyag |
_ s M JL |‘ \‘ | Kotéanyag |
2 I P 5
i - f“‘"’ \\ ,\r / !\u
g N v\ f\\ i \‘vll\/ {
® W \W/ ! N f |
s [ TR ( 1 kX \
5 40, 4[\ / Vs w f t
2 | |
€ "‘ i
o
20 ﬁ
: ; i [ 1
"% 60 8 100 120 140 160 180 20

CT szeletek szama

7.dbra A 2. mintdban az adalékanyag-, a hézag- és a kitéanyag-tartalom eloszldsa

Fig. 7. 'The distribution of aggregate-, air void-, and binder content in the 2" sample

4.2 Kotoréteg

Nagyobb, 8 cm vastagsagban beépitett kotéréteg-aszfaltot
mutat a 8. dbra. A zhzalék eloszlasa megfeleld, a réteg aljan is
csak kis szamban figyelhetd meg tireg. A fényképek érdekessé-
ge, hogy jol lathato a kisebb szilardsagua zazalékszemek torése.
A torésvonal mentén szintén hézag keletkezik. Az ilyen torések
miatt kialakul6 hézagnovekedést, ha az a minta belsejében van,
a hagyomadnyos stiriségmérés nem tudja kimutatni.

8. dbra Az 1. minta kotérétegének metszete (feliil: a furat magminta egy szelete; alul:
a furat magminta feliilnézete)

The section of the 1 sample’s binder course (above: a section of the asphalt
core; below: the top-view of the asphalt core)

Fig. 8.

A 9. dbrdn megadtuk az 1. minta kétérétegének Hounsfield-
érték eloszlasat és stirtiségeloszlasat. A réteghataron belil a
sliriség és a hézagtartalom eloszldsa sem egyenletes. A min-
tan beliil egy metszetet készitettiink, ahol kis hézagtartalmat és
nagy Hounsfield-értéket figyeltiink meg.

A stirtiség és a Hounsfield-érték eloszlasok alapjan megal-
lapithato, hogy a szemszerkezet egyenletes, ez a réteg jol be-
dolgozottnak, egyenletesnek tekinthet6. A Hounsfield-értékek
és vele egyidejiileg a stirtiségértékek eloszldsanak ingadozasa
a berepedt adalékanyag szemcsékkel magyarazhatd, ami a
metszeten is jol latszik.
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9. dbra Az 1. minta kopérétegének elemzése CT-vel
Fig. 9 The CT analysis of the I* sample’s binder course

5. Osszefoglalas

Aszfaltburkolatbol kifurt magmintdk szemrevételezésé-
vel megallapithat6 tobb, a széllitas és beépités kortilményeit
jellemz6 esemény. Az elvarhat6 beépitési kovetelmények betar-
tasa esetén elsésorban a réteg also része a kritikus, mert az ta-
lalkozik a fogado réteg hidegebb feliiletével, az ott bekovetkezd
gyors lehiilés hatdsara a tomorités hatékonysaga csokken. A
belsé térbeli struktirardl valds képet kaphatunk, ha CT-felvé-
telek haromdimenzids elemzését elvégezziik.

A CT-felvételek alapjan megallapitottuk az egyik vizsgalt asz-
faltminta szétosztalyozodasat. Megallapitottuk, hogy a koporé-
tegben az adalékanyag-tartalom 30-40%, a kotéanyag-tartalom
60-70% kozott valtozott. Megallapitottuk tovabbd, hogy a
kotbrétegben az adalékanyag-tartalom kisebb, a kot6anyag-
tartalom pedig nagyobb volt, mint a koporétegben.

Masik aszfalt mintdn megallapitottuk, hogy a kopodréteg
aljan és tetején nagyobb a hézagtartalom, amit a tomoritéssel
tudunk magyarazni. A réteghatarig egyenletes slirtiség- és a
hézagtartalom-eloszlast taldltunk.
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Abstract

Eco-friendly and valuable commercial wollastonite based ceramics have been obtained from
the most hazardous industrial and agrowastes (Cement kiln dust and rice husk ash) by reactive
crystallization-sintering. Different batch compositions from cement kiln dust (CKD) with varying
amounts of rice husk ash (RHA) were wet mixed, dried, grounded and sieved. Then, all batches
were uniaxially pressed and fired at different temperatures (1100-1200°C). Phase composition,
microstructure, densification parameters, and mechanical properties of the obtained fired
specimens were investigated. The results showed that wollastonite based ceramics were
synthesized successfully at 1100°C without addition of any mineralizers. On the other hand,
a considerable saving in time and heat energy were realized when an amorphous RHA silica
was used instead of its other crystalline varieties. This was related to the higher reactivity of the
amorphous RHA silica and its high specific surface area. The presented work made possible not
only to overcome the environmental pollution ensuing from the accumulation of these industrial
and agrowastes but also, to valorize and find added value to these residues. Conversion the
latter into useful wollastonite-based ceramics with appropriate technology and environmental
properties, allows the potential application in several fields. Hence, economic benefits will accrue
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1. Introduction

While natural raw materials are becoming scarce and in
some cases approach exhaustion, continuous industrial activity
generates increasing quantities of wastes and by-products,
of which disposal is subject to ever stricter environmental
legislation [1]. The expansion in housing that relevant to world
population growth in turn leads to the expansion in the cement
industry. The total global cement production reached 3.7
billion tons in 2012 (according to the USGS mineral program
report 2013) [2]. Depending on the alkalinity and the purity
of the raw materials, about 0.17-10% of the produced clinker
is bypass (CKD) [3]. This dust is generally grayish in color
and consists predominately of silt-sized, non-plastic particles
representing a mixture of partially calcined and unreacted raw
feed, clinker dust and fuel ash enriched with alkali sulfates and
halides and other volatiles [4]. Egypt produces annually about
48 million tons of clinker and according to the high alkalinity
of Egyptian raw materials, the amount of CKD reaches ~10%
of the clinker produced [3]. Thus, about 5 million tons of CKD
is generated annually as a byproduct that can spread over a
large area through wind and rain, becoming accumulated
in plants, animals, and soils and consequently negatively
affecting the environment and human health [5]. Many trials
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(1967) at the Faculty of Science, Cairo University,
Egypt. He awarded his PhD (1973) from Witterberg University. He got his DSc (1999) from Zagazig

University through Royal Society of England. His research interest include cement chemistry and
building materials.

have been made for recycling CKD in various fields. However,
the efforts that have been made to recycle/reuse the CKD are
still very modest compared with the problem [6]. As a result,
the accumulation of CKD in landfills became a progressively
significant threat to the environment.

On the other hand, the worldwide production of rice paddy
exceeded 730 million tons in 2012 (EG). This paddy consists
of 72% rice, 5-8% of bran and 20-22% husk on average. Thus,
730 million tones of paddy will generate about 160 million
tones of husk when grinding [7-9]. Husk, also called hulls,
consists of the very hard outer shell covering the rice kernel
to protect it during its growth [10]. It is the largest milling by-
product of the paddy. The husk contains about 75-85% organic
volatile matter and ash around 15-25% by weight, depending
on the plant variety, climatic conditions and geologic location
[8-9]. In Egypt, during May 2012 to April 2013, it is reported
that the production of rice paddy amounted to about 6.4
million tons that in turn gives 1.4 million tons of the husk
when grinding. The husk in Egypt and most rice producing
countries, is either dumped as waste, causing damage to the
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land and the surrounding area in which it is dumped or burnt
for heat generation in ambient atmosphere leaving a residue,
called RHA [7]. This ash is mostly silica (87-97%) with small
amounts of alkalies and other trace elements [9,11]. The silica
therein is originally present in an active hydrated amorphous
opaline state in the cellulose structure of rice husk [12].
Depending on time, rate and temperature of combustion and
type of furnace/kiln used as well as the impurities present in
the ash, the silica either remains in an amorphous phase or
is transformed into its various crystalline polymorphs [12-
14]. Agrowastes (like RHA) are suitable materials for a wide
range of industrial and research applications due to their low
or zero cost, easy availability and their potential properties
including higher active silica content, high porosity and low
selfweight, very high specific surface area and extremely low
thermal conductivity [7,15]. Recently, many efforts have been
made to valorize the value of silicon rich rice husk ash and
utilize it for the manufacture of a variety of useful products
[7,9,12,14,16-26]. Despite having so many well established
applications, little portion of rice husk produced is utilized
in a meaningful way [10]. A large percentage of available
husk is fired in boilers for raising steam for parboiling of
paddy. Elsewhere it is piled up in heaps in open fields and
periodically set on fire or simply dumped in nearby streams
or used as cattle feeding.

Wollastonite (CaSiO,) is a polymorphic substance and
its three forms (woolastonite-1A, wollastonite-2M, and
pseudowollastonite) can be found in nature [27]. Wollastonite
has received much attention due to its potential properties
such as acicular (needle-like) structure, high aspect ratio,
high brightness and whiteness, low shrinkage, low loss on
ignition (0.5-2%), low moisture and oil absorption properties,
lack of volatile constituents, high pH, low thermal expansion,
low thermal coefficient, non-toxicity, biocompatibility,
and largely chemical inertness. It received wide range of
applications in different fields such as traditional and advanced
ceramics, automobile industry, metallurgy, paints, plastics and
polymers.

Generally, natural wollastonite occurs in small amounts and
is highly contaminated with other minerals such as diopside,
calcite, dolomite, quartz, hedenbergite and granates [27]. Thus,
in recent years, many efforts have been made to utilize different
mineral resources along with most of industrial wastes for
wollastonite synthesis by different methods [28-36]. Conversion
CKD and RHA into useful wollastonite based ceramics with
appropriate technology and environmental properties, allows
their potential application in many industries. Economic
benefits will accrue to the producers and thus to the national
economy. Recently, Ewais et al prepared wollastonite and its
composites successfully using CKD as calcia source and quartz
sand as a silica source at 1150 °C (present research). This work
targeted the replacement of quartz sand by the agrowastes
(RHA) for economical and ecological demands. This work
makes it possible not only to overcome the environmental
pollution ensuing from the accumulation of these industrial
and agrowastes, but also, to valorize and find value added to
these residues.
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2. Materials and Experimental procedures

2.1. Starting materials

The materials used in these investigations were (1) By-pass
cement dust (CKD) provided by the national cement company,
Helwan, Egypt. Representative samples of the dust were
collected weekly for a period of 2 months and were blended to
offer the raw dust. (2) Rice husk ash (RHA) produced by the
uncontrolled combustion of RH (from the rice mills in Cairo,
Egypt) in air using a laboratory-sintering machine at CMRDI
in a manner similar to the production of energy using rice husk.
Before designing the batches, mineral composition, chemical,
thermal and particle size distribution analyses of these starting
materials were made to specify the firing regime.

2.2. Experimental procedures
2.2.1. Batch design

Different batch compositions of CKD with 30-55 m%
RHA with an increment of 5 m% were designed to prepare
wollastonite and its composites (Table 1). The batches were
assignedas A, , A, , A, A, A, , A where the index number
indicates the mass percent of RHA in the batch composition
and the rest represents the weight percent of CKD. To obtain
homogeneous mixtures, these batches were mixed thoroughly
with distilled water in planetary ball mill for 1 hour.

Batch code A,, A35 A40 A45 A50 A55

CKD 70 65 60 55 50 45
Raw materials

(m%)

RHA 30 35 40 45 50 55

C/S molar ratio 117 097 0.81 0.68 0.57 0.48

Table 1. Batch compositions
1. tablazat Keverék dsszetételek

The powder mixtures (dried at 100°C for 24 hours in
a controlled oven) were passed from standard screen of
opening size of 36 pm, then were uniaxially die-pressed at
95 MPa to form cylindrical shaped specimens. The obtained
specimens were dried, then sintered at 1150 °C, 1200 °C, and
1250 °C for 2 hrs. The heating rate was 5 °C/min. The mineral
composition, densification parameters, microstructure, and
mechanical properties of the obtained sintered specimens were
investigated.

2.2.2. Testing and characterization

Particle size distribution and specific surface area of the
starting materials were determined by a laser particle size
analyzer Instrument (liquid mode) BT-2001 (China) and by
an automated gas sorption system Quantachrome NOVA,
(version 1.12, USA). In addition, chemical analyses of the
starting materials were determined by Panalytical XRF (Model
advanced Axios, Netherlands). Also, thermal analysis of the
materials was carried out by TG-DSC NETZSCH STA 409
C/CD through which samples were heated in air from room
temperature up to 1400 °C with a heating rate of 10°C/min
using a-AlL O, powder as standard reference.
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Mineral compositions of the raw materials and fired batches
were identified by an X-ray diffractometer, model: Brukur
advanced D8 Kristalloflex (Ni-filtered Cu K radiation;
A=1.544 A).

The microstructure of the fired and polished speciemens was
examined by backscattered electron (BSE) in the field emission
scanning electron microscopy (FESEM QUANTAFEG 250)
connected to an energy dispersive X-ray microanalyzer
(EDX).

Densification parameters in terms of apparent porosity
and bulk density of sintered materials were determined by
Archimedes immersion technique in ethanol by vacuum
pressure according to ASTM C 830-00, 2000. The changes in
linear shrinkage values of all specimens were calculated using
a caliper by determining their diameters before and after
sintering.

Mechanical properties in terms of compressive strength and
microhardness were determined. The compressive strength
of the fired specimens was determined at a rate of 1.3 mm/
min by universal testing machine (Shimadzu, UH-F 1000 KN,
Japan). Microhardness of the obtained specimens have been
determined at room temperature, on the polished surface
considering an average of five indentations for each specimen
by using Vickers indentation method to load of 100 g for 15 s
by Vickers microhardness testing machine (TTSUNLIMITED,
HWDM-7, Japan). Vickers hardness was computed by Eq. (1):

Hv=0.0018544(p/d?) (1)

Where p is the indentation load (N), d is the average length of
the two diagonals of the indentation (mm). Hv is the Vickers
hardness in units of (GPa).

3. Results and discussion

3.1. Starting raw materials

Both particle size distribution and specific surface area of
the raw materials are given in Table 2 while Table 3 shows
the chemical composition of both CKD and RHA. XRF of
RHA indicates that it consists mainly of SiO, (79.84%) and
K,O (5.09%) with small amounts of impurities in the form
of calcium, aluminum, magnesium, sodium, and iron oxides
along with 1.16% SO, and 1.63% CI. The XRD pattern of RHA
revealed that; no peaks can be observed except those for sylvite
(KCl, JCPDS# 73-0380) at d-spaces 3.14 and 2.22 Fig. la. The
halo at 20 = 15-35°is peculiar XRD characteristic of amorphous
SiO, with silanol (Si-OH) groups [37]. Regarding the thermal
behavior, TG and DSC curves (Fig. 2a) Show an endothermal
event centered around 90 °C due to the removal of physically
bound water (i.e. moisture) in the ash. In particular the weight
loss associated with this reaction is about 4 m%.

The major mass loss of ~ 20%, exhibited over the temperature
range of 283°C and 600°C, is attributed to the release of
organic volatile matters and burning of combustible material
(fixed carbon) present in the ash. The volatiles in the presence
of oxygen undergo flamed combustion giving rise to the
broad exothermic peak in DSC centered around 450 °C. The
inappreciable gradual weight loss that is observed above 600 °C

(a) = Sylvite
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Fig. 1. XRD patterns of (a) rice husk ash RHA and (b) cement kiln dust CKD
1. dbra  Rontgendiffraktogramok (a) rizshéj hamu, RHA (b) cement kemencehamu, CKD
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Fig. 2. TG-DSC curves of (a) rice husk ash RHA and (b) cement kiln dust CKD
2. dbra  Termogravimetriai vizsgdlatok eredményei (a) rizshéj hamu,
RHA (b) cement kemencehamu, CKD

Raw materials D,,um D, ,um D, um Specific surface

area, m%/g
4.541E+01

2419 12.84 42.64

Cement Kiln dust

9.693 38.75 8221

1.171E+02

Rice husk ash

Table 2. Particle size distribution and surface area of the raw materials.
2. tdblazat  Kiinduldsi anyagok szemcseméret-eloszldsa és fajlagos feliilete
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Oxide raw material Na,0 Mgo

ALO, S0, P,0

2 275

3.52
0.50

1.33
0.75

217
0.60

7.58
79.84

0.12
1.58

Cement Kiln dust
Rice husk ash

Table 3. Chemical analyses of the raw materials
3. tablazat  Kiinduldsi anyagok kémiai Gsszetétele

in the TG is ascribed to the further oxidation of carbon in the
residual intermediate to form other volatile species. Also, due
to the moisture release during conversion of silanol (Si-OH)
group into siloxane (Si-O-Si) group in cristobalite [7]. The
DSC records exhibit an exothermic reaction during the course
of thermal decomposition and an endothermic peak during
the removal of moisture.

CKD is a potential source of oxides. XRF of CKD showed
that CaO (45.06%) is the most abundant component. Also,
it contains a significant quantity of SiO, (7.58%) as well as
other oxides such as Na O, MgO, ALO,, SO,, K,O and Fe,O,
that could act as mineralizers and fluxes during firing of the
batch compositions. XRD pattern of CKD shown in Fig. Ia,
revealed that this dust is a very complex material consisted of
more than eleven compounds. These compounds are calcite
(CaCO3: JCPDS# 01-089-2340), hatrurite (Ca,SiO_: JCPDS#
016-0407), portlandite (Ca(OH),: JCPDS# 01-070-5492), burnt
lime (CaO: JCPDS# 004-0777), anhydrite (CaSO, :JCPDS#
01-072-0916), sylvite (KCl: JCPDS# 001-0786) and quartz
(S5i0,: JCPDS# 005-0490), larnite (Ca,SiO,: JCPDS# 083-
0461), halite (NaCl: JCPDS# 005-0628), spurrite (2(Ca,SiO,).
CaCO,: JCPDS# 004-0640) and ternesite (2(Ca,SiO,).CaSO,:
JCPDS# 088-0812). The actual mechanism for formation of
alkali chlorides, CaSO,, spurrite and sulphospurrite in the kiln
is complicated; however, the following reactions and events
are possible. During the clinker manufacture, the alkalis are
liberated from the clay mineral lattice. They partly dissociate
into the gas phase and recombine directly with chlorine or
sulfur present in the charge material according to the affinities
order [38]. Firstly, the chlorides are liberated during heating
of the material and combustion of the fuel, combine with the
alkalis forming KCl and NaCl [38]. Sometimes, chlorides are
introduced as NaCl or KCI from sea water [38]. According
to the priority, the remaining alkalis should react with the
produced SO, from the oxidation of sulfur in the raw materials

4.45
1.16

6.52
1.63

22.95
7.18

45.06
1.34

0.26 2.62

0.33

3.31 0.11

5.09

and the fuels burned in the kiln, forming Alk,SO,. However, in
this case all alkalis react with the chlorides. Thus, the formed
SO, reacts with lime or CaCO, forming CaSO, [39-40], Eq.
(2). In clinkering zone, beyond 1300 °C, the formed CaSO A
melts and re-decomposes giving SO, [40], Eq. (3). The formed
elements (NaCl, KCI, SO,) volatilize in the hot zones of the
kiln and condensate at the colder areas [38]. These circulating
elements form eutectic melts, which have much lower melting
temperatures than the single compounds >)700 °C) [38]. All
these melts, when present in sufficient quantity, generate severe
encrustations and build-up formation in the preheater and the
kiln inlet area [38]. These deposit buildups can lead to blocks
that need to be removed, sometimes by a temporary plant
shutdown [40]. Spurrite and sulphospurrite are the principal
constituents of deposit buildups found in rotary kilns and kiln
riser ducts. Spurrite is intensively formed in a small range of
temperatures (885-912 °C), due to the accumulation of eutectic
chloride melts, either: (1) by direct reaction of CaCO, and silica,
or (2) by the reaction of CaO, Ca,SiO, and gaseous CO, [41]. In
addition, Increasing amounts of circulating SO, in the cement
kiln system, promotes the formation of sulphospurrite (2C,S.
CaSO,) at the same temperature range for spurrite formation
[40].

500-1000°C

Ca0O + SO, + 0.50, CaS0y, (2)

CaS0, 1280-1300°C_ 20+ 50, +0.50, 3)

As can be seen from TG-DSC curves of CKD (Fig. 2), the
weight loss variations over the heating range from the room
temperature up to 1400 °C was 40.05%. These variations were
accompanied by endothermic peaks at different temperature
ranges in the following sequence; 93 °C, 386 °C, 604 °C, 714 °C,
982°C, 1277°C, and 1371°C. The first mass loss recorded

Temperature Process Thermal Chemical transformation Weight loss
range (°C) change
25-310 Evaporation of free and Endothermic H,0O > H 0 3.22%
physically adsorbed water 2 2@
310-500 Dehydroxylation of portlandite Endothermic Ca(OH); —— > CaO+ H;0 4.25%
500-764 Decomposition of CaCO, Endothermic CaCO; ——— > Ca0+ CO, 15.24%
764-1200 Dissociation of spurrite and Endothermic 2C,S8.CaCO; ———— > 2C,S+Ca0+ CO, 12.87%
sublimation of alkaline chlorides
NaCls+KCly)  ——>  NaCly+KCly
1200-1380 Decomposition of both anhydrite ~ Endothermic CaSO, < >Ca0 +S50,+0.50, 4.47%
and sulphospurrite
2C,S.CaSO4y ———> 2C,S+Ca0+ SO, + 0.50,
1371 Partial melting of the sample Endothermic Sample(s) ———>  Sample(])

Table 4. TG-DSC events occurred during firing CKD

4. tabldzat Termogravimetriai jelenségek a cement kemencehamu (CKD) vizsgdlata sordn
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(3.22%) from ambient temperature to approximately 310 °C was
due to the evaporation of free and physically adsorbed water as
indicated by the endothermic peak centered around 93 °C in
DSC curve. The second mass loss (4.25%) from 310 °C up to
approximately 500 °C, can be attributed to the dehydroxylation
of portlandite (Ca(OH),) [42]. This loss is accompanied by
an endothermic peak centered around 386 °C in DSC curve.
The further mass loss (15.24%) recorded over the temperature
range of 500 °C to 764 °C was accompanied by two endothermic
peaks at ~604 °C and ~714°C. The first endothermic peak is
due to the loss of CO, during decomposition of amorphous
CaCO, or carbonates with finer crystalline structure and the
second is attributed to the loss of CO, during decomposition
of more crystalline CaCO, [42-43]. Moreover, the weight
loss (12.87%) recorded in the temperature range (764 to
1200 °C) is ascribed to the dissociation of spurrite phase and
sublimation of alkaline chlorides from a raw mixture. This
loss is accompanied by a broad endothermic peak centered at
982°C in DSC curve. This is compatible with published data;
(1) Dissociation of spurrite occurs at a higher temperature
than the CaCO, itself, inasmuch as the greater thermal
stability of spurrite than CaCO, due to the substitution of the
dissociable groups into the stable lattice in spurrite [39]. (2)
The sublimation of alkaline chlorides begins after the thermal
decomposition of calcium carbonate and finishes at 1200 °C
[44-45]. With regard to the endothermic peak recorded
around 1277°C, it may be ascribed to the decomposition of
both anhydrite (CaSO,) [38,40] and sulphospurrite phase [39].
The latter two decompositions are accompanied by a mass loss
of 4.47% in the temperature range (1200 °C to 1380 °C) [46].
As for the last endothermic peak centered at 1371°C in the
DSC curve, it is attributed to the partial melting of the sample
[47]. All thermal events occurring during thermal treatment of
CKD is summarized in Table 4.

3.2. Phase composition of the fired batches

Figs. 3, 4 and 5 show the powder XRD patterns of the fired
specimens A, to A, inthe temperature range 1100 °Cto 1200 °C
with 50 °C intervals. The results showed that, the crystalline
phases present in these fired specimens are wollastonite-2M,
cyclowollastonite, cristobalite and akermanite. At 1100 °C,
the specimen A, was found to contain wollastonite-2M with
minor amounts of akermanite phase. On the further addition
of RHA up to 40 m% in the compositions, wollastonite-2M was
recorded without any other phases. Then, cristobalite appeared
along with wollastonite-2M, upon addition of< 40 m% RHA in
the compositions. At 1150 °C, the same situation was recorded
except that the cristobalite phase is detected only in A, rather
than its detection in A, A, and A, specimens at 1200 °C.
At 1200 °C, the specimen A, was found to contain mainly
the high temperature polymorph (cyclowollastonite) along
with minor amounts of akermanite phase. However, in the
remaining specimens A, -A,, the low temperature polymorph
(wollastonite-2M) was detected as a sole phase except for the
specimens A, and A,,. Minor amounts of other phases were
detected in these two specimens, cyclowollastonite in A, and
cristobalite in A, along with the major wollastonite-2M phase.
The results obtained from the XRD patterns are summarized in

Intensity (a.u)

® Wollastonite-2M & Cristobalite
0 Akermanite

Fig. 3. XRD patterns for all composition batches sintered
for 2 hrs at 1100°C
3.dbra A 2 6rdn dt, 1100°C homérsékleten szinterelt keverékek
rontgendiffraktogramjai

Intensify (a.1.)

® Wollastonite-2M
A Cristobalite (1 Akermanite

2-Theta scale

Fig. 4. XRD patterns for all composition batches sintered
for 2 hrs at 1150°C
4. dbra A 2 6rdn dt, 1150°C hémérsékleten szinterelt keverékek
rontgendiffraktogramjai

Intensity (a.u.)

Cyclowollastonite ® Wollastonite-2M T Akermanite
A Cristobalite o
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Fig. 5. XRD patterns for all composition batches sintered
for 2 hrs at 1200°C
5.dbra A 2 6rdn dt, 1200°C hémérsékleten szinterelt keverékek
rontgendiffraktogramjai
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Table 5. There are some phenomena could be deduced from the
XRD patterns. The first phenomenon is the separation of the
cristobalite phase in specimens containing high RHA content,
whatever is the temperature. This is logic where at higher RHA
addition, the excess stoichiometrically amount of RHAS is
supposed to be dissolved in the liquid saturating it in silica.
Thereafter, the remaining RHAS after complete saturation of
liquid in silica was crystallized into cristobalite. From the above
findings, it is clear that the transformation sequence of RHAS
supports the view of Florke [48]. According to Florke, the silica
can be transformed into cristobalite without the intermediate
stage of tridymite depending on the degree of purity of starting
materials. In addition, the presence of tridymite is governed by
the kind and amount of impurities. The second phenomenon
is the appearance of the high temperature polymorph phase
(cyclowollastonite) only in the specimens sintered at 1200 °C
(A,,and A ,). This can be explained in terms of the following
two factors: (1) The higher alkali content (70 m% and 65 m%)
and the lower quartz content (30 m% and 35 m%) found in
these two specimens, compared to other specimens. (2) The
high temperature (1200 °C). It is well known that silica is a
network former that group to form (SiO,)* tetrahedra. These
complex ions (SiO,)* join together at their vertices forming
three dimensional hexagonal networks leading to increasing
the viscosity of the liquid phase formed during firing. On the
other hand, basic and alkaline basic oxides like CaO, MgO,
Fe,0,, Na,O and K,O present in CKD are called network
breakers since they can dissociate giving oxygen ions (O*) that
can react with the hexagonal network of silica and destroy it.
Hence, addition of basic oxides decreases the viscosity of the
silica liquid phase by breaking its hexagonal network [49-50].
Also, it is well known that the viscosity of the liquid phase
formed during firing decreases largely with the increase of
firing temperature. Based on the aforementioned, the higher
the alkali oxide content and the lower the silica content in these
two specimens at higher temperature (1200 °C), the lower the
viscosity of the liquid phase formed during firing of these two
specimens. The existence of liquid phase of lower viscosity
during firing, enhances the reaction kinetics and increases the
chemical communication between the reacting phases [51].
This accelerates the diffusion of all the coexisting ions leading
on heating and/or cooling to cyclowollastonite crystallization.
In addition, the increase of silica content for A, -A__specimens
at the expense of CKD leads to the decrease of the alkali amount
in the compositions and this in turns leads to the increase of
the viscosity of the liquid phase which hinders the diffusion of
the coexisting ions during heating and/or cooling. As a result,
cyclowollastonite crystallization is prevented. Therefore, the
key factor that controls the formation of the cyclowollastonite
is the viscosity of the formed liquid that depends on both
temperature and mount of alkalis in CKD. Thus, at 1200 °C, the
appearance of cyclowollastonite at lower silica content specimen
A, is very easy from the presence of high alkali amount and
the high temperature of firing. The third phenomenon is the
5 appearance of akermanite phase only in the specimen A,

Fig. 6. Microstructure of all batches sintered for 2 hrs at 1100°C, whatever the firing temperature. In nature, akermanite occurs
r: cristobalite, AK: akermanite, W: wollastonite. up to 1300°C in the silica-undersaturated igneous rocks.

6. dbra A 2 érdn dt, 1100°C hémérsékleten szinterelt keverékek mikroszerkezete; .
Cr: krisztobalit, Ak: akermanit, W: wollastonit Claude et al [52] also showed that, when a mixture of chalk and
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silica is fired at 1150 °C, pseudowollastonite is formed together
with approximately 15% by weight akermanite relative to the
total product obtained, depending on the impurities present.
In addition, ElBatal et al [53] detected previously akermanite
in the fired mixture of slag and CKD. Based on this, the
accompaniment of wollastonite by akermanite phase in the
fired CKD-Qtz mixtures at (1100 °C to 1200 °C), is logic. With
regard to, the appearance of akermanite only in the specimen
A,  and the disappearance of its X-Ray lines completely
from the specimen A, , upon addition of 5 m% silica at the
expense of the dust can be explained in terms of the ratio
(Na+K+Mg+Ca/Al+Si) (Table 1). Akermanite (one member
of the melilite group) is a loosely-defined mineral deficient in
silica [54]. It crystallizes from silica and alumina poor, alkali-
rich compositions at 700 °C [55]. Among the elements (Na,
K, Ca, Mg), Na is the most important element, if not the sole
influence on akermanite crystallization [55]. According to
(Na+K+Mg+Ca/Al+Si) ratio, the specimen A, is depleted in
silica and alkali-rich while in contrast the specimens A, -A,
are silica-rich and alkali-poor. Therefore, akermanite is formed
in A, due to the silica deficiency and alkali-richness of this
specimen. Furthermore, the disappearance of the X-ray lines
for akermanite, in the specimen A, is accompanied by the
increase of wollastonite. This suggests that, in the presence of
excessive silica in oxidative conditions, wollastonite may form
at the expense of metastable phase akermanite by its reaction
with the excessive silica at higher silica content specimens
through the following reversible reaction [41,56]:

melilite + silica + oxygen
——> wollastonite + amorphous substances

This assumption is supported by the increase of the amount
of glassy phase, which can be seen in FE-SEM Figs. 6, 7 and
8. Also, the drastic increase of shrinkage (Fig. 9) observed in
the temperature range 1100-1200°C reveal the progressive
formation of a melt. This is not unexpected, since the starting
material (CKD) is rich in fluxing agents [57].

3.3. Microstructure of the fired batches

Thebackscattered FE-SEM photomicrographs of the polished
surfaces of all specimens containing various CKD and RHA
compositions and fired at 1100 °C, 1150 °C and 1200 °C, were
shown in Figs. 6, 7 and 8, respectively. The general overview
for all micrographs confirms the large reduction in both pore
size and total porosity with the increase of firing temperature
and RHA content, this is congruent with the densification
behavior (section 3.4). This can be explained in terms of the
enhancing in sinterability that results from the formation of
more liquid phase with the increase of the two factors [13,58].
The enhancement in liquid facilitates the grain boundaries to
contact on the expense of the entire porosity leading to pore
closing and elimination. After complete vitrification of the
specimen A_ (at 1150 °C) and A, (1200 °C), the higher addition
of RHA to these vitrified specimens led to the formation of
large pores in the subsequent specimens A, (at 1150°C)
and A_ to A,, (1200 °C). The reappearance of pores in such
specimens can be attributed to the increase of silica content

Fig. 7. Microstructure of all batches sintered for 2 hrs at 1150°C,
Ak: akermanite, Cr: cristobalite, G: glass.

7.dabra A 2 6ran at, 1150°C hémérsékleten szinterelt keverékek mikroszerkezete;
Cr: krisztobalit, Ak: akermanit, G: iiveg

in these specimens that leads to: (1) increasing the viscosity
and blocking the viscous flow by formation of silica clusters
through the interlocking of SiO, tetrahedra [50], assuming
that they pack together in an irregular way giving increasingly
porous microstructure. The increase of the concentration of
these clusters in the glass increases with SiO, content. (2) The
formation of more glassy phase through which some gases can
migrate into the matrix creating closed pores and bloating the
specimen. Not only the pore size and total porosity are highly
affected by increasing both temperature and RHA amounts,
but also the pore shape is highly influenced by increasing both
the two factors. As shown in micrographs, the shape of the
voids in the fired specimens takes one of the following three
shapes: (1) Voids are highly connected to each other, forming
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a grid like cobweb, displayed by all specimens fired at 1100 °C
and specimens A, and A, fired at 1150 °C. Such pores are
difficult to be described in terms of their size and shape. (2)
Irregular and highly distributed voids, having large size ranges
from 2 to 40 pm, displayed by the fired specimens A, A, and
A, (at1150°C)and A, A, A, and A, (at 1200 °C). (3) Small
irregular pores, having size ranges from 0.1 to 6 pum, displayed
by some of the following surface vitrified fired specimens A,
(at1150°C)and A, jand A, (at 1200 °C). With regard to the size
and shape of the formed crystals, the SEM-EDX results showed
that the fired specimens at 1100°C and 1150°C displayed
a sparse granules of wollastonite-2M of a size 0.5-12 pum,
imbedded in glassy phase and distributed in a highly porous
texture that is similar to the structure of bacterial colonies in
a nutrient medium. The fired specimens at 1200 °C, displayed
a compact flat surface of wollastonite crystals, embedded in a
glassy matrix. Minor amounts of bright grains were observed
along with the wollastonite in the specimen A, through the
investigated temperature range (1100-1200 °C). EDX of these
bright spots in Figs. 6, 7 and 8 showed that they consist mainly
of Ca, Si with smaller amounts of Mg, Al, and Fe. The presence
of Ca, Si as major peaks and a lesser amount of Mg suggests
the presence of akermanite. These results confirm the result
obtained from XRD [59]. Also, cristobalite grains sub-rounded
by worm-like wollastonite-2M were seen in the fired specimens
A, A, and A, (at 1100 °C), and A, (at 1150 °C and 1200 °C).
Hence, it is evident that in all the micrographs, the major phase
present was the wollastonite, apart from other minor amounts
of akermanite, cristobalite and glassy phases.

3.4. Densification parameters

Densification parameters — in terms of diagonal shrinkage,
bulk density, and apparent porosity — of all specimens having
various compositions A, -A., have been investigated as a
function of temperature (1100-1200 °C). Fig. 9 demonstrates
that the diagonal shrinkage of the fired specimens gradually
increases with the increase in the addition of RHA in the
compositions as well as with the increase of the firing
temperature. However, an anomaly was observed, that is, the
decrease in the shrinkage at addition higher than 50 m% RHA
(at 1150 °C) and 45m% (at 1200 °C). On the other hand, the bulk
density increases and porosity decreases with the increase in
firing temperature and RHA content, except for the specimens
A, (at 1150°C) and A, to A, (at 1200 °C); therein the bulk
density decreases and porosity slightly increases, similarly to
the shrinkage behavior (see Fig. 10). There are two conflicting
approaches controlling the densification behavior. The first one
is the decomposition and volatilization process occurring in
the raw feed CKD and RHA during firing. This approach is
accompanied by significant weight loss (see TG-DSC in Fig. 2)
and contributes to the formation of more pores while the other
one is the compact sinterability. The reduction in total porosity
with the increase in any of the studied parameters suggests
that the latter approach is more pronounced and significant
[26]. The significant increase in shrinkage and bulk density
(rapid densification) occurring upon the increase in RHA
content in the compositions can be explained by the higher
sinterability of the finer RHA particles [13] and their flabby
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nature that is responsible for the high response of specimens to
heat shrinkage [9]. Furthermore, it has been reported that the
amount of liquid phase that governs the degree of densification
varies with the nature of additives and its amount [60]. In this
context, it was found that the addition of more amorphous rice
husk ash (RHA) leads to the formation of more viscous glass
flow that precipitates in the voids present through the whole
specimen, which results in increasing its sinterability (see Figs.
6, 7and 8). On the other hand, the high content of CaO in CKD
(see Table 3) tends to increase the binary eutectic temperature
of the mixture; it prefers to react with other ingredients in the
mixure, forming new ceramic phases rather than entering into
glassy phase. As a consequence, the specimens containing
higher contents of CKD showed higher porosity and lower
mass density as well as diagonal shrinkage than those
containing lower CKD contents [61]. In addition, the increase
in the sintering temperature leads to formation of more liquid
phase of lower viscosity that in turns leads to the increase
of the sinterability [13]. The enhancement in sinterability
facilitates the grain boundaries to contact on the expense of
the entire porosity leading to pore closing and elimination
[26]. However, what happened on decreasing the densification
of the specimens at a higher addition of RHA at 1150 °C and
1200 °C indicated that the third effective parameter vigorously
contributes to the sinterability. This parameter is expected to
be the silica phase transformation that is noticed during XRD
analysis of the fired specimens Figs. 4 and 5. These figures
indicate that the excessive unreacted amorphous RHA in the
anomalous samples is transformed into crystalline cristobalite
that affects negatively the densification; crystalline phase has
considerably higher viscosity than amorphous phase [13]. This
can be explained to some extent by the decrease in the bulk
density and the diagonal shrinkage in the specimens. Also, it has
been found that the porosity of the specimens A, (at 1150 °C)
and A, (at 1200°C), dropped to zero and their bulk density
attained maximum, 2.46 g/cm’® and 2.45 g/cm’, respectively.
The increase in the addition of RHA in the compositions of
such vitrified specimens leads to the formation of more glassy
phase and in turns some gases can migrate through the matrix
creating closed pores and bloating of the specimen. As a result,
their bulk density and shrinkage decrease whilst their porosity
increases.

3.5. Mechanical tests
3.5.1 Compressive strength

Fig. 11 shows the compressive strength for all the specimens
containing various compositions A, to A, fired in the
temperature range 1100-1200°C. The results show that the
compressive strength increases with the increase in the firing
temperature and RHA content. This is congruent with the
bulk density and apparent porosity results. At 1150°C and
1200°C, the specimen A, showed the maximum strength,
177 MPa (at 1150°C) and 353 MPa (at 1200°C), then, the
strength decreased upon the further addition of RHA in this
specimen till reaching 74 MPa (at 1150 °C) and 182 MPa (at
1200°C) for the specimen A_.. The increase in the strength
with the sintering temperature and the RHA content can be
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Fig. 10.  Porosity and bulk density of the cement kiln dust pellets
containing variable content of RHA and fired at temperatures 1100-1200°C,
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12. dbra A kiilonbozé RHA tartalommal cement kemenceporbdl 1100-1200°C
hémérsékleten szinterelt probatestek Vickers keménysége

understood in view of increase of bulk density and decrease
of porosity ensuing from sintering phenomena [62] through
which particle rearrangement and liquid diffusion to pores
takes place. This liquid cements the well developed crystals
giving a good compaction and higher compressive strength
[63]. The amount of liquid should be such that it just acts as
bond between the grains [60]. Too much formation of glassy
phase in A, and A, specimens fired above 1100°C and
migration of gases therein caused internal stress and led to
lowering their densification and increasing their brittleness
and in turns their compressive strength is decreased [9,63].

Vol. 66, No. 3 = 2014/3 = . 77



épitoanyag - Journal of Silicate Based and Composite Materials

3.5.2 Vickers micro-hardness

Vickers micro-hardness were found to increase with the
increase of the firing temperature and the RHA content (see
Fig. 12). This can be attributed to the surface vitrification and
the formation of well-developed wollastonite crystals (Hv~
4.1-5.24 GPa) as well as the increase of density and decrease of
porosity relevant to the sintering process. However, there was
an anomaly, that is the fall in the hardness of the specimens
containing RHA more than 50 m% (at 1150 °C) and 45 m% (at
1200 °C), despite the formation of cristobalite that has higher
hardness ~ 9.62 GPa in such specimens. This can be explained
in terms of the surface softening [37] of such specimens due
to formation of glassy phase vigorously, more than necessary,
and migration of gases therein results in lowering their
densification and in turns their surface hardness is decreased.
Accordingly, the specimens A, (at 1150°C) and A, (at
1200 °C) showed the maximum surface hardness 4.18 GPa
and 4.4 GPa, respectively.

4. Concluding remarks

1. Valuable and commercial wollastonite-based ceramics
have been successfully synthesized from the most
dangerous industrial and agricultural wastes (CKD
and RHA) through reactive crystallization sintering at
lower temperature (1100-1200 °C) compared to their
synthesis from the pure constituents (>1400 °C).

2. No mineralizers have been added to CKD-RHA mixes,
where the impurities present in CKD and RHA acted
as sinter-improving oxides that formed glassy phase
and induced the early vitrification of such mixes.

3. Utilization of the amorphous active RHA in place of
crystalline quartz sand resulted in:

a) A reduction in the sintering temperature of the
mixes of about 50 °C to 100 °C and this in turn gives
rise to a considerable saving in time and heat energy
leading to a significant economical production of
wollastonite.

b) The increase in the strength of the fired specimens
due to the increase of the amount of glassy phase in
case of RHA addition. This glassy phase cements the
well-developed crystals giving a good compaction and
higher resistance to compression.

4. 'The measured densification and mechanical properties
of the fired specimens was found to increase with
the increase in firing temperature and RHA content.
However, there was an anomaly that is the fall in these
properties at higher addition of RHA (50-55 m%) at
1150 °C-1200 °C. This was attributed to the formation
of more glassy phase over the limit and migration
of gases through this liquid creating closed pores
and bloating of the specimen result in lowering their
densification and mechanical properties.
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Table 5. Crystalline phases identified in the fired specimens.
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Wollastonit szintézis alacsony hémérsékleten cement
kemencehamu és rizshéj hamu felhasznalasaval
Veszélyes ipari hulladék (cement kemencehamu, CKD) és
veszélyes mez6gazdasagi hulladék (rizshéj hamu, RHA) alap-
anyagok felhasznalasaval szintetizalt, kornyezetbarat, ér-
tékes wollastinit keramiak tulajdonsagait mutatja be a cikk.
Avizsgalt keverékeken a killdnb6z6 CKD és RHA adagolas ha-
tasat tanulmanyozhatjuk. A nedves keveréssel homogenizalt,
szaritott, atszitalt keverékek szinterezési homérséklete
1100-1200°C volt. A cikk bemutatja a fazisosszetételi,
mikroszerkezeti, termogravimetriai, rontgendiffraktomet-
riai és szilardsagi vizsgalatok eredményeit. Az eredmények
igazoljak, hogy mar 1100°C hémérsékleten is sikeresen
szinterelhetd wollastonit keramia, kiegészité adalékok nél-
kul is. Az eredmények ramutatnak, hogy jelentds iddo és
energia megtakaritas érhetd el, ha az amorf struktdrajua RHA
alapanyagot hasznaljak fel a kristalyos szerkezetli modosu-
latok helyett. A kedvezd viselkedés oka az amorf struktirajd
RHA nagy fajlagos fellllete és jelentds reakcioképessége.
A kutatasi eredmények jo példat szolgaltatnak arra, hogy
hogyan lehet veszélyes ipari és mezbgazdasagi hulladékok
felhasznalasaval értékes terméket eldallitani. A kifejlesztett
wollastonit keramidk szamos terlleten sikeresen felhasznal-
hatok, jelentds gazdasagi elonyt eredményezve.
Kulcsszavak: cement kemencehamu (CKD), rizshéj hamu

(RHA), keverék osszetétel, szinterezés, wollastonit, mik-
roszerkezet, fazisosszetétel, tomorodés, mechanikai
jellemzok
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Abstract

The structure and phase composition of the ceramic-based system ZrO,-MgO is studied. The
dependence between the structural-phase state and the coefficient of thermal expansion of ceramic
materials based on solid solutions Zr0,-Mg0 is demonstrated. The coefficient of thermal expansion
of the system increases proportionally to the increase of the MgO content. The thermal expansion
of the Zr0,-Mg0 ceramic materials can be described in the framework of the mixture rule taking
into account the phase composition of ZrO, and the amount of magnesia grains in the matrtix.
Keywords: ZrO,-MgO solid solutions, coefficient of thermal expansion, mixture rule

1. Introduction

Today’s industrial progress leads to the need for materials
that retain their functional properties when operating under
high temperature conditions [1-6]. Good candidates in this
respect are the oxide ceramic materials, particularly the ones on
the basis of ZrO,-MgO solid solutions. Materials of the ZrO -
MgO system are known to have high melting temperature,
chemical resistance, crack resistance and strength, which make
possible their operation under high temperature conditions in
aggressive media. Of particular importance in such conditions
is the thermal expansion of the material. The literature provides
the values of the coefficient of thermal expansion for stabilized
ZrO, [7-10], but neither the qualitative nor the quantitative
composition of the materials is considered. It is therefore
pertinent to study the thermal expansion of the ZrO,-MgO
systems of variable composition.

The aim of this paper is to study the structure and phase
composition and their relation to the coefficient of thermal
expansion of the ZrO,-MgO ceramic materials.

2. Experimental procedure

ZrO,-MgO ceramics of the following compositions have
been studied: ZrO, + 8.6 mole% MgO (hypoeutectoid);
Zr0O,+13.9 mole% MgO (eutectoid); ZrO,+25.4 mole% MgO,
ZrO,+35 mole% MgO, ZrO,+43.3 mole% MgO
(hypereutectoid).

Specimens were compacted from powders produced by
thermal decomposition of salt solutions in low-temperature
plasma. Powder compaction was carried out under a pressure
of 70 MPa. The compacts were sintered at 1650°C and then
subjected to one hour of isothermal exposure in air.

The structure of the obtained ceramics was analyzed by scanning
electron microscopy on a microscope Philips SEM 515. The
accelerating voltage was 30 kV. Specimens for SEM examination
were mirror polished with diamond pastes of different sizes.
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The phase composition and crystal structure parameters were
studied by X-ray diffraction patterns obtained using filtered
CuK | radiation. The zirconia phase content was estimated by
the ratio of the integral intensities of the tetragonal and cubic
diffraction lines I(111), and the monoclinic diffraction lines
I(111), I(-111).

Thermal expansion was measured using a mechanical
dilatometer in air. The specimen temperature was increased at
a rate of 10 °C/min. The specimens were heated up to 1100 °C,
which, according to the phase diagram of the ZrO,-MgO
system, corresponds to the temperature of transition from
the low-temperature monoclinic ZrO, phase to the high-
temperature tetragonal modification of ZrO,.

3. Results and discussion

The SEM images of the ZrO,-MgO ceramics structure with
different magnesia content are given in Fig. 1. The structure
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Fig. 1. SEM images of the ceramics structure:
1. dbra A vizsgalt cirkon-kerdmidk anyagszerkezetének SEM felvételei
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of the specimens of the hypoeutectoid composition shows
lenticular grains of the tetragonal ZrO, phase, along with
grains of the cubic ZrO, solid solution (Fig. 1a). The structure
of the ZrO, (13.9 mole% MgO) ceramics is represented in
Fig. 1b. This composition is characterized by grains of the
cubic modification of ZrO, [11, 12]. The specimens of the
hypereutectoid compositions have magnesia inclusions in
the ZrO, matrix. In this case, the content of MgO inclusions
increased from 9 to 22% with the magnesia content growth in
the ZrO,-MgO system from 25.4 to 43.3 mole%, respectively.

According to X-ray phase analysis data, the X-ray diffraction
patterns of the hypoeutectoid ceramics have reflections from
three zirconia phases, namely, cubic (C-Zr0O,), tetragonal
(T-ZrO,) and monoclinic (M-ZrO,) (Fig. 2), withthe monoclinic
phase content increasing with the growing magnesia content in
the initial mixture.

C - cubic ZrOy phase
I - monoclinic ZrOy phase
0- tetragonal ZrO7 phase

1, rel. un.

20, grad.

1 — Zr0, (8.6 mole% MgO); 2 — ZrO, (13.9 mole% MgO); 3 — ZrO, (25.4 mole% MgO);
4 — 7r0O, (35 mole% MgO); 5 — ZrO, (43.3 mole% MgO).

Fig. 2. X-ray diffractograms of the ceramics of the ZrO,-MgO system:
2. dbra A ZrO,-MgO kerdmidk rontgen-diffraktogramjai

The phase composition of the eutectoid ceramics is
represented by the high-temperature cubic modification of
ZrO,. The X-ray diffraction patterns of the hypereutectoid
ceramics have, along with the ZrO, reflections, diffraction
maxima corresponding to MgO.

Measurements of the coefficient of thermal expansion of the
studied materials (Fig. 3) showed that the coeflicient of thermal
expansion measured in the temperature range 400-1250 K
depends linearly on the magnesia content in the initial mixture.
The measured thermal expansion coefficients agree well with
the values calculated by the mixture rule taking into account
the phase composition of the studied materials: the content of
the monoclinic ZrO, modification for the composition with
8.6 mole% MgO is 15%, which determines low values of the
coeflicient of thermal expansion equal to 6.7 - 10° K, since,
according to the literature data, the coeflicient of thermal
expansion of the monoclinic ZrO, phase is 6 - 10° K and that
of the cubic ZrO, phase is 8 - 10 K. The coeficient of thermal
expansion of the eutectoid specimens is defined by thermal
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expansion of the cubic ZrO, phase, while the main factor that
contributes to the thermal expansion of the hypereutectoid
specimens is an increase in the amount of magnesia grains in
the zirconia matrix.
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MgO, mole % in the ZrO,-MgO system

Fig. 3. Coefficient of thermal expansion vs. magnesia content
in the ZrO,-MgO system

3.dbra A ZrO,-MgO kerdmidk hétaguldsi egyiitthatéja
a MgO tartalom fiiggvényében

In extrapolating the obtained dependence to the zero MgO
content, the coefficient of thermal expansion corresponds to
the thermal expansion of the monoclinic ZrO, modification. In
extrapolating the obtained dependence to the 100% magnesia
content, the coefficient of thermal expansion is 14.9 - 10¢ K,
which is close to the thermal expansion of magnesia equal
to 14.4 - 10° K. So, the coeflicient of thermal expansion of
the ZrO,-MgO system is defined by the mixture rule taking
into account the phase composition and amount of magnesia
inclusions in the ZrO, matrix.

4. Conclusions

It is found that the coeflicient of thermal expansion is
governed by the phase composition of the sintered ceramics,
with a ratio of the fractions of the high- and low-temperature
ZrO, modifications and the amount of magnesia grains in the
ZrO, matrix. The coefficient of thermal expansion of the system
increases proportionally to the increase of the MgO content.
The thermal expansion of the ZrO,-MgO ceramic materials
can be described in the framework of the mixture rule taking
into account the phase composition of ZrO, and the amount of
magnesia grains in the matrtix.
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Zr0, alapl keramia rendszerek hétagulasa

Jelen munkaban a szerzok a Zr0,-MgO alapl keramia rend-
szerek anyagszerkezete, fazis dsszetétele és a hotagulasi
egyUtthato kapcsolatat vizsgaljak. Az elvégzett vizsgalatok
azt igazoljak, hogy az eltér6 kémiai Osszetétell Zr0,-MgO
szilard oldatok hétagulasi egyltthatéja jelentds mértékben
flgg az anyagszerkezeti szerkezeti fazisoktdl. Ugyanakkor az
adott vizsgalati homérsékleten a Mg0 tartalom novelésével
aranyosan névekszik a hétagulasi egyltthaté. A kutatas ered-
ményeként a ZrO,-Mg0 keramia rendszerhez tartozo anyagok
hétagulasi egyltthatdja a keverék szabaly figyelembevételé-
vel leirhat6 az adott ZrO, fazis jelenléte és a MgO szemcsék
anyag-matrtixon bellli mennyiségének fliggvényében.
Kulcsszavak: ZrO,-Mg0 szilard oldatok, hotagulasi egyutt-
hato, keverék szabaly
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Abstract

Statistical analysis has been performed on rebound index data collected in-situ at the bottom
surface of a concrete floor over 130 m? of testing area. Different measures of inherent variability
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were calculated. Correlations between inherent variability measures were studied. It has been
shown that skewed distributions can be fit with the best goodness of fit for the vast majority
of the local statistical parameters studied. Application of the Peirce’s criterion filtering was
demonstrated. Inferior local normality of the distribution of rebound index was found for the in-

situ rebound hardness test results.

Keywords: Structural concrete; Nondestructive testing (NDT); Hardness; Rebound index; Inherent

variability

1. Introduction

Numerous non-destructive testing (NDT) methods are
available to estimate the strength of structural concrete [1-6].
Surface hardness testing is a long established NDT method for
concrete structures [7,8]. Nowadays, the rebound hammer is
the surface hardness testing device for concrete of the most
widespread use [9-11].

Structural concrete is a multiple-level heterogeneous
composite material [12,13]. On a macro-level, its heterogeneity
is derived from concrete construction practice, i.e. random
differences of compaction and curing at different locations,
possible non-uniform supply of material and structural effects
(reinforcement, changes in dimension or shape, connecting
structural elements). On a meso-level, its heterogeneity is
derived from concrete composition, i.e. type and grading of
coarse aggregate and the paste content of fresh concrete. On
a micro-level, its heterogeneity is derived from hydration
performance thatis governed by the type, particle size, hydraulic
activity and amount of cement as well as that of supplementary
cementing materials, the w/c-ratio, the type and amount
of admixtures and curing compounds and the method and
effectiveness of curing. On a nano-level, its heterogeneity is
derived from the petrographic/chemical characteristics of fine
aggregate and that of non-hydraulic supplementary materials
and the molecular structure of hydrated cement paste.

This multiple-level heterogeneity results both inherent
(local) variability and spatial (regional) variability of the
performance properties. Local variability can be analysed by
conventional mathematical statistical methods. Analysis of
regional variability needs spatial models — that are typically
used in geostatistics.

2. Scope of the studies

The present series of papers introduces path finding,
comparative statistical analyses for the inherent variability and
the spatial variability parameters calculated for in-situ rebound
hammer tests performed on structural concrete.

In the first part, inherent variability parameters are analysed
corresponding to the independent test areas in terms of
statistical location parameters (mean, median, mode),
statistical variance parameters (standard deviation, coefficient
of variation), statistical dispersion parameters (range, relative
range, studentized range) and normality parameters (skewness,
excess kurtosis, W-statistic by Shapiro and Wilk, extreme
studentized deviate by Peirce’s criterion).

Aim of the present studies is to demonstrate the statistical
performance of rebound hardness for in-situ testing of
concrete and to add to the better understanding of sampling
and modelling by rebound hardness testing.

3. Experimental

The bottom surface of the top concrete slab of a framed,
monolithic, subsoil concrete tunnel was studied, with
dimensions of 25.0 m x 7.5 m and a thickness of 0.48 m [14].
The measuring region on the bottom surface was 22.0 m x 6.0
m. A total number of 42 test areas were selected for Schmidt
rebound hammer testing. N-type original Schmidt rebound
hammer was used. Eleven individual rebound index readings
were recorded at each test area. The measurements were
performed by the same operator.

4. Robustness of data for test areas

Random occurrence of outliers is expected in the test
area recordings of in-situ rebound hammer tests due to the
uneven surface texture and local, near-surface heterogeneity
of structural concrete. If the operator uses mechanical
rebound hammer for the measurements (as was the case
for the present studies), any common rule of thumb may be
applied for the immediate rejection of extreme outlier values
from the data recorded. The filtering may be automatic or
can be carried out during data analysis for rebound hammers
recording digitally. Technical literature does not confirm, but
as well, does not reject the hypothesis of normality for the
probability distribution of individual rebound index readings
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for a test area. Therefore, it may be reasonable to select and
run an appropriate extreme studentized deviate (ESD) test for
normality to identify any (single or multiple) outlier in the data
set of test areas [15]. Peirce’s criterion is a rigorous method
based on probability theory that can be used to identify outliers
in a sample. Details of the method are given in [16]. By Peirce’s
criterion the maximum deviation from the mean is calculated
and compared with tabulated values. The process is relatively
simple and can be converted easily into an algorithm. If the
maximum deviation of interest is greater than the tabulated
value, then the suspicious value is removed as outlier. If no
observation exceeds the tabulated value, then it cannot be
claimed that there is a statistical outlier. The method assumes
normal probability distribution of the data.

The extreme studentized deviate test by Peirce’s criterion was
run for the 42 independent test areas. It resulted that at 11 test
areas a total number of 14 individual rebound index readings
can be considered as statistical outlier. It means 3% of the total
number of 462 individual rebound index readings. It can be
concluded that the data set is robust enough and the recording
of the rebound indices by the operator was effective in rejecting
the extreme outliers.

5. Normality of data for test areas

The overall empirical frequency histogram of the individual
rebound indices (no separation by location) is indicated in Fig. 1
together with thebest goodness of fit Fisher-Tippett (Generalized
extreme value, GEV) probability density function. Considering
the rebound hammer test, it can be assumed that the rebound
index reading sets of separate test areas are independent and
identically distributed (i.i.d.) random variables since it can
be supposed that the probability distribution of the rebound
index does not change by location within the same structure
and the separate test areas can be considered to be mutually
independent [17]. Based on these assumptions, the central limit
theorem applies for the rebound hammer test; i.e. the probability
distribution of the resultant of the rebound index reading sets
of separate test areas (each with finite mean and finite variance)
approaches the normal distribution if sufficiently large number
of the i.i.d. random variables is available. Fig. I also indicates
fitted normal distribution for comparison. It can be realised
by a simple visual inspection that the resultant of the 42
independent test areas apparently approaches rather well to the
normal distribution. For the 462 individual rebound indices,
the global mean value is 52.6, the global median value is 53,
the global mode value is 53, the global skewness is 0.11 and the
global excess kurtosis is —0.11. It should be noted, however, that
the statistical goodness of fit for the normal distribution is fairly
less than that of the Fisher-Tippett (Generalized extreme value,
GEV) distribution. It was shown by Kolmogorov-Smirnov,
Anderson-Darling and Chi-Squared goodness of fit tests that
at least twenty different types of probability distributions (e.g.
Pearson V, Gamma, Beta, Lognormal, Fréchet and even uniform
distributions) provide better goodness of fit than the normal
distribution, apart from the overall best fit Fisher-Tippett
distribution. Therefore, it can not be concluded that statistically
the normal probability distribution applies for the present
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population of rebound index readings. From an engineering
point of view, however, the normal probability seems to be
suitable as a rough estimate.

SR)

0,14
0,12

0,1
0,08
0,06
0,04
0,02
0

45 50 55 60

Fig. 1. Frequency histogram together with the best goodness of fit Fisher-Tippett
(Generalized extreme value, GEV) probability density function (blue curve)
for the individual rebound indices (no separation by location, n = 462);
normal distribution is also indicated for comparison (red curve), after [14]

1. dbra  Gyakorisdgi hisztogram és a legjobban illeszkedd Fisher-Tippett eloszlds
stirtiségfiiggvénye (kék szinti gorbe) az dsszes mérési helyen rogzitett
visszapattandsi értékre vonatkozéan (n = 462); a normalis eloszlds
stirtiségfiiggvénye [14] alapjén piros szinii gorbével megjelenitve

If the 42 independent test areas are analysed separately then
a suitable normality test can be selected and run to check the
extent of deviation from normality. The normality tests are
used in statistics to study if a data set has normal distribution
or not. The 11-bin frequency histograms corresponding to
the 42 independent test areas are indicated in Fig. 2. On a
simple visual inspection it can be postulated that the normality
of the observations is expected to be weak. Majority of the
observations suggest platykurtic, almost uniform distribution.

There are about 40 normality tests available in the technical
literature [18], however, the most common normality test
procedures of statistical analyses are the Shapiro-Wilk test, the
Kolmogorov-Smirnov test, the Anderson-Darling test and the
Lilliefors test. It is demonstrated in the technical literature [19]
that the Shapiro-Wilk test is the most powerful normality test
from the above four, therefore, the Shapiro-Wilk normality test
was run for the present analysis. Details of the method can be
found in [20,21].

According to the null hypothesis of the Shapiro-Wilk
normality test, the population has normal probability
distribution. The calculation of the so called W-statistic by the
method results the probability (p-value) that corresponds to
the null hypothesis and one can see at which significance level
the assumption that the population has normal probability
distribution can be accepted. If the p-value is smaller than a
preliminarily chosen significance level, then the null hypothesis
is rejected; otherwise the null hypothesis is accepted at the
chosen significance level.

It was realized during the present study that the hypothesis of
normality can be generally accepted at a very low significance
level for the 42 independent test areas analysed separately. The
mean for the p-value is 40.0%. The p-value is smaller than
60.5% for 75% of the test areas. The p-value is smaller than
76.2% for 95% of the test areas. The p-value is smaller than
85.0% for 99% of the test areas. The maximum p-value is found
to be 90.2%. Frequency histograms for the p-value and the
Wh-statistic are shown in Fig. 3.
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Fig. 2. 11-bin frequency histograms for the individual rebound index readings corresponding to the 42 independent test areas (red colour markings indicate the suspected outliers by

Peirce’s criterion)

2. dbra  Egyedi visszapattandsi értékek gyakorisagi hisztogramijai 11 osztdskiozzel, a megvizsgdlt 42 mérési helyre vonatkozéan (a Peirce kritérium alapjdn adédo kiugré értékek piros

szinnel jel6lve)
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Fig. 3. Statistical analysis of the normality parameters

a) W-statistic for test areas b) p-value (%) for test areas

c) skewness (y, ) for test areas  d) excess kurtosis (y, ) for test areas
Normalitdsi paraméterek statisztikai vizsgdlata

a) W-statisztika hisztogramja b) p-érték (%) hisztogramja

c) ferdeség (y, ) hisztogramja d) csiicsossdg (y, ) hisztogramja

3. dbra

Further statistical information is obtained from the calculation
of the skewness and excess kurtosis. Frequency histograms are
shown in Fig. 3. The mean for the skewness is 0.068 that would
not indicate pronounced deviation from normality on its own,
however, a definite bimodality is visible on the frequency
histogram that needs further considerations. An apparent mode
atabout -0.4 and atabout 0.5 is seen. The sum of the 42 individual
skewness values may indicate, if any, positive or negative skewness

tendencies. The sum is 2.87 that reveals a stronger positive
skewness tendency. The mean for the excess kurtosis is -0.19,
but the median is more meaningful for the presented positively
skewed frequency histogram, being -0.38. The sum of the 42
individual excess kurtosis values is —8.28. The findings confirm
that platykurtic distribution governs the observations.

It may be assumed that removal of the 14 statistical outlier
individual rebound index values that were determined with
the extreme studentized deviate test by Peirce’s criterion
would help reducing the deviation from normality. Therefore,
skewness and excess kurtosis values were calculated for the
42 independent test areas after the removal of the suspected
outliers (indicated in red colour in Fig. 2). The removal resulted
improvement in skewness performance: the mean is shifted
closer to zero, to the value of 0.006 and the sum of the skewness
values is reduced to 0.272. Surprisingly, the excess kurtosis
performance became worse: the mean is shifted farer from
zero, to the value of -0.59 and the sum of the excess kurtosis
values is increased to -25.01.

6. Statistical location parameters at test areas

The mean, the median and the mode values were calculated
for the 42 independent test areas and were published earlier
[14]. Rather close correlation of the mean, median and mode
values can be supposed for the present observations. The
influence of the removal of the 14 outlier individual rebound
indices selected by Peirce’s criterion was also tested during the
present analyses. It was realized that the application of Peirce’s
criterion does not result considerable change in the frequency
histograms of the mean, median or mode values.

7. Statistical variance parameters at test areas

The standard deviation and the coefficient of variation values
were calculated for the 42 independent test areas. Frequency
histograms are shown in Fig. 4 together with the best goodness of
fit Fisher-Tippett (Generalized extreme value, GEV) probability
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density functions. Positive skewness is observable for both
parameters, in accordance with literature data [17]. The influence
of the removal of the 14 outlier individual rebound indices
selected by Peirce’s criterion was again tested. Outlier removal
was resulted in considerable loss in the peakedness of both
histograms, becoming more uniform, however, the mean of the
two statistical variance parameters did not change considerably.

SR — VRJ [

a) b)

Fig. 4. Statistical analysis of the statistical variance parameters
a) standard deviation (SR, ) for test areas

b) coefficient of variation (V, ) for test areas

Variancia paraméterek statisztikai vizsgdlata

a) szords (s, ) hisztogramja

b) relativ szords (V) hisztogramja

4. dbra

8. Statistical dispersion parameters at test areas

The range, the relative range and the studentized range values
were calculated for the 42 independent test areas. Frequency
histograms are shown in Fig. 5 together with the best goodness
of fit probability density functions. Best goodness of fit of
Dagum distribution was found for the range values and Wakeby
distribution for the relative range and the studentized range
values. The observed positive skewness in the distribution of
the range values is in accordance with literature data [17]. The
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6. dbra

Correlations between the mean, the range and the normality parameters
Viérhatoérték, terjedelem és normalitdsi paraméterek korreldcioi
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influence of the removal of the 14 outlier individual rebound
indices selected by Peirce’s criterion was also tested. Outlier
removal was resulted in a shift toward smaller values of the
mean for the range, the relative range and the studentized range
and the skewness and peakedness of the frequency histograms
have been changed as well. It seems that the extreme studentized
deviate test by Peirces criterion has the strongest influence on
the statistical dispersion parameters, as it was expected.
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TN VA

a) b)

3 3.5

Fig. 5. Statistical analysis of the statistical dispersion parameters
a) range (rklj)for test areas b) relative range (p‘w)for test areas
¢) studentized range (GRJ)for test areas
5. dbra Terjedelem paraméterek statisztikai vizsgdlata
a) terjedelem (r, ) hisztogramja  b) relativ terjedelem (p, ) hisztogramja
c) studentizdlt terjedelem (8, ) hisztogramja
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7. dbra Terjedelem, studentizdlt terjedelem és szérds korreldciéi; valamint a studentizdlt terjedelem és a csiicsossdg korreldcidja

9. Discussion

The strength estimation of concrete by rebound hammer
testing usually applies empirical relationships between
statistical location parameters (mostly the mean and the
median) and the compressive strength. It can be realized
that the three statistical location parameters are interrelated
and a rather strong correlation is found between the mean
and median values for the concrete floor in the present study
[14]. Frequency histograms for the mean and median values
are rather similar and can be modelled by the same type of
probability distribution. The mode values, however, indicate
weaker correlation with the other two statistical location
parameters and the peakedness of the corresponding frequency
histogram is more pronounced [14].

Frequency histograms of statistical location parameters and
statistical distribution parameters were found to be well fit by
the Wakeby distribution for the concrete floor in the present
study. Wakeby distribution is typically used for flood frequency
analysis and for other extreme events in hydrology [22]. Wakeby
distribution has five parameters, therefore, it can mimic the
shapes of many commonly used skewed distributions. Wakeby
distribution is very flexible; this is the reason why it can be well
fit to observed rainfall data, or flood peaks and other extreme
events in hydrology [23].

Control parameters for the data of test areas can be the
range and the standard deviation according to ASTM C805
International Standard [24].

It can be realized for the present study that no correlation
is found between the statistical location parameters and the
statistical dispersion parameters (mean vs. range and mean
vs. studentized range is indicated in Fig. 6). It can be also seen
that no correlation is found between the statistical location
parameters and normality parameters as well as no correlation
is found between the statistical dispersion parameters and
normality parameters (particular plots are indicated in Fig.
6). Normality parameters (p-value, skewness, excess kurtosis)
show no correlation with each other either.

It can be realized by studying the correlation (Fig. 7) between
the statistical dispersion parameters and the statistical variance
parameters that the range and the standard deviation are
interrelated and a rather strong correlation is found between
them for the concrete floor in the present study. Frequency
histograms also confirm the observation. Studentized range
- by definition - is determined by the ratio of the range and
the standard deviation, therefore, the isoquant range and

isoquant standard deviation responses are clearly visible in
the studentized range vs. standard deviation and the range vs.
studentized range representations, respectively (Fig. 7). It can
be also demonstrated for the concrete floor in the present study
that the studentized range indicates a value that is connected
to the peakedness of the frequency histogram of rebound
indices at the test areas; a visible, rather good correlation is
demonstrated between studentized range and excess kurtosis
(Fig. 7).

The statistical variance parameters determine each other by
their nature (Fig. 4) and are expected to show positive skewness
in their probability distributions according to the technical
literature [17] that is visible in the frequency histograms (Fig.
4). The mean values for the recorded rebound indices are found
to be relatively high. A comparison with literature data for the
recorded mean rebound index vs. standard deviation as well
as mean rebound index vs. coefficient of variation responses
corresponding to the test areas is shown in Fig. 8.

8 7
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Fig. 8. Representation of the statistical variance parameters over the mean in
comparison with literature data [17]; results for the present studies are
indicated in red colour

8. dbra A szords és a relativ szords kapcsolata a varhatoértékkel [17] alapjdn; a jelen

vizsgdlati eredmények piros szinnel jelolve
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10. Conclusions

Inherent variability analyses were carried out on in-situ
rebound hammer test results collected at the bottom surface
of a concrete floor over 130 m? of area tested. The following
observations can be highlighted:

1. Robust data set of rebound indices is possible to be
recorded by the subjective rejection of the suspected
outliers by the operator during testing. Application of
the extreme studentized deviate test by Peirce’s criterion
resulted only 3% suspected outliers in the complete
data set of 462 rebound index readings recorded at 42
individual test areas for the present tests. It was found
that statistical dispersion parameters are the most
sensitive to the Peirce’s criterion filtering and statistical
location parameters are the least sensitive to the Peirce’s
criterion filtering.

2. From an engineering point of view, normal probability
distribution may be suggested only as a rough estimate
for the frequency histogram of rebound indices
collected at the 42 individual test areas if no separation
of data by location is applied. It should be noted,
however, that the goodness of fit of normal distribution
was found to be inferior to skewed (or even uniform)
distributions; best goodness of fit was found for the
Fisher-Tippett (Generalized extreme value, GEV)
distribution.

3. The hypothesis of normality (tested by Shapiro-Wilk test)
can be generally accepted at a very low significance level
for the 42 independent test areas analysed separately.
Platykurtic behaviour governs the observations.
Application of the Peirce’s criterion filtering decreases
the deviation from normality in skewness, but can not
improve excess kurtosis performance.

4. Skewed distributions can be fit with the best goodness
of fit for the vast majority of frequency histograms of
the local statistical parameters studied.
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Appendix. Formulae
The following local statistical measures were calculated for the inherent
variability during the present analyses (in the formulae R, accounts for the

individual rebound index readings and index j denotes the j* test area): hardness testing of concrete. Part 1.
Epitéanyag - Journal of Silicate Based and Composite Materials,

1 n
mean value (=arithmetic mean): R, ; = ” ZRi Vol. 66, No. 3 (2014), 85-91. p.
= http://dx.doi.org/10.14382/epitoanyag-jsbcm.2014.16

Ref.:
Borosnyoi, Adorjan: Variability case study based on in-situ rebound

2

|
1 n

standard deviation: Spj = [nl z (Rf - Rm.j ) )
=]

Esettanulmany betonszerkezet helyszini
Sp; keménységmérésérol
coefficient of variation: Ve, =—-—100 1. rész. A méréhelyen beliili valtozékonysag
" statisztikai elemzése
A cikk egy vasbeton fodém als6 fellletének 130 mZes
szakaszan végzett, helyszini Schmidt-kalapacsos vizs-
Trj 100 galatok eredményeinek statisztikai elemzését mutatja
be. A mérdhelyen bellli valtozékonysag statisztikai para-
métereinek elemzése és az egyes paraméterek kozotti
korrelacio vizsgalata torténik meg. A cikk feltarja, hogy a
vizsgalat ala vont statisztikai paraméterek nagy részének
eloszlasa jelentds ferdeséggel rendelkezik. A cikk bemutatja
extreme studentized deviate: = a Peirce-féle studentizalt szélsdérték kritérium alkalmazasi
lehetoségét a helyi kiugré mérési eredmények kisz{irésére.
n (R -R,, Y Az eredmények ravilagitanak arra, hogy a helyszini Schmidt-
skewness: Y= m 2 37 kalapacsos vizsgalatok soran a méréhelyeken megfigyelhetd
. R visszapattanasi értékek eloszlasanak normalitasa gyenge.
. n(n+1) (R -R,, * 3(n—1f KuIC%;szaYak: _betonszerke‘zgt;, rqncsol?sﬂmentes viz?géla’t;
excess kurtosis: Yl"_(n—IXn—2Xn—3) H[ ] (”—2X"—3) t(oezne?lfgr)szag,g visszapattanasi érték; mérdohelyen bellli val-

) S —
range: Ty = Ripax = R

relative range: Pr; =

studentized range:
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Non destructive in situ strength assessment of concrete

Infernalional union of Iaboratories
W and experts in construction malerials,
systems and stuclures

www.rilem.org

In place concrete strength assessment is of major interest
in various contexts:
(a) for quality control of recently built structures,
(b) for checking the performances of anexisting structure,
(c) when a structure needs retrofitting (because of a new use,
an extended service life or more severe requirements).
In all these cases, it would be of primary importance to have a widely
recognized methodology in order to ascertain mean strength and
variability of the material.

Working programme of TC 249-ISC:

1. State of the Art on practices: techniques and methodologies

2. Comparison of models for data analysis and processing A 4
3. Benchmark on real field data

4. Benchmark on synthetic field data

5. NDT inspection and knowledge updating

6. Deliverables - Draft guidelines



GUIDELINE FOR AUTHORS

The manuscript must contain the followings: title; author’s name, workplace, e-mail address; abstract, keywords; main text; acknowledgement
(optional); references; figures, photos with notes; tables with notes; short biography (information on the scientific works of the authors).

The full manuscript should not be more than 6 pages including figures, photos and tables. Settings of the word document are: 3 cm margin
up and down, 2,5 cm margin left and right. Paper size: A4. Letter size 10 pt, type: Times New Roman. Lines: simple, justified.

TITLE, AUTHOR
The title of the article should be short and objective.
Under the title the name of the author(s), workplace, e-mail address.
If the text originally was a presentation or poster at a conference, it should be marked.

ABSTRACT, KEYWORDS
The abstract is a short summary of the manuscript, about a half page size. The author should give keywords to the text, which are the most important
elements of the article.

MAIN TEXT
Contains: materials and experimental procedure (or something similar), results and discussion (or something similar), conclusions.

REFERENCES
References are marked with numbers, e.g. [6], and a bibliography is made by the reference’s order. References should be provided together with the
DOI if available.
Examples:
Journals:
[6] Mohamed, K. R. - EI-Rashidy, Z. M. - Salama, A. A.: In vitro properties of nano-hydroxyapatite/chitosan biocomposites. Ceramics International.
37(8), December 2011, pp. 3265-3271, http://dx.doi.org/10.1016/j.ceramint.2011.05.121
Books:
[6] Mehta, P. K. - Monteiro, P. J. M.: Concrete. Microstructure, properties, and materials. McGraw-Hill, 2006, 659 p.

FIGURES, TABLES
All drawings, diagrams and photos are figures. The text should contain references to all figures and tables. This shows the place of the figure in
the text. Please send all the figures in attached files, and not as a part of the text. All figures and tables should have a title.
Authors are asked to submit color figures by submission. Black and white figures are suggested to be avoided, however, acceptable.
The figures should be: tiff, jpg or eps files, 300 dpi at least, photos are 600 dpi at least.

BIOGRAPHY
Max. 500 character size professional biography of the author(s).

CHECKING
The editing board checks the articles and informs the authors about suggested modifications. Since the author is responsible for the content of the
article, the author is not liable to accept them.

CONTACT
Please send the manuscript in electronic format to the following e-mail address: femgomze@uni-miskolc.hu and epitoanyag@szte.org.hu or by post:
Scientific Society of the Silicate Industry, Budapest, Bécsi Gt 122-124., H-1034, HUNGARY

We kindly ask the authors to give their e-mail address and phone number on behalf of the quick conciliation.

Copyright

Authors must sign the Copyright Transfer Agreement before the paper is published. The Copyright Transfer Agreement enables SZTE
to protect the copyrighted material for the authors, but does not relinquish the author’s proprietary rights. Authors are responsible for
obtaining permission to reproduce any figure for which copyright exists from the copyright holder.

Epit6anyag - Journal of Silicate Based and Composite Materials allows authors to make copies of their published papers in institu-
tional or open access repositories (where Creative Commons Licence Attribution-NonCommercial, CC BY-NC applies) either with:

= placing a link to the PDF file at Epitéanyag - Journal of Silicate Based and Composite Materials homepage or

= placing the PDF file of the final print.

)

Epitéanyag - Journal of Silicate Based and Composite Materials, Quarterly peer-
reviewed periodical of the Hungarian Scientific Society of the Silicate Industry, SZTE.
http://epitoanyag.org.hu

92 . = 2014/1 = Vol. 66, No. 1



THE CONCRETE NETWORK IS ALL ABOUT CONCRETE

The Concrete Network's purpose is to educate homeowners, contractors, builders, and designers on popular concrete techniques
and applications. With thousands of articles, photographs, and a comprehensive directory of concrete contractors and product
suppliers, The Concrete Network offers the most comprehensive online resource for independent, authoritative information about
concrete construction:

e decorative concrete h =
¢ cleaning, repair
and maintenance

e general concrete
construction

¢ home building
with concrete

e green building
with concrete

e and more

The Concrete Network is independent and not related (or beholden) to any contractor, manufacturer, or supplier and thus has
become "the independent voice of concrete”.

PHILOSOPHY OF THE
CONCRETE NETWORK:

The Concrete Network strives to be
the highest quality online resource of
accurate, independent, and balanced
editorial content- all about concrete.

Our information sources are concrete
contractors and decorative concrete
artisans who are on the front line of
the business and whose livelihood is
concrete construction 2 they know
what works and what doesn't.

Furniture

Other sources of information are
proven building industry professionals
and subject-matter experts, such as
trainers. Their information is rooted in
real-world experience designing,
producing, or installing concrete.

The Concrete Network is truly the
independent voice of concrete.

We do not endorse any specific
products. We do give appropriate
credits to the building project team,
concrete contractors, and
manufacturers, whether they are a
client of The Concrete Network or not.

The Concrete Network also
encourages training and supports
various professional groups and
associations working in the building
industry to promote best practices,
standards and quality workmanship.

2 - Lo %é_;ai; =nw
Floors Garage floors Water features

For more information visit:
www.concretenetwork.com

e
-‘ ConcreteNetwork.com



European Ceramic Society
Ave. Gouverneur Cornez 4, B-7000 Mons, Belgium
ecers@bcre.be
WWW.ECEIS.Org

Who We Are

The European Ceramic Society (ECerS) is a non-governmental, nonprofit federation of national

ceramic societies each representing the ceramists of a member country.

The ECerS was established in 1987 in order to co-ordinate and promote the study of ceramics and in

particular:

« To encourage education, training and research.

« To consult with and bring together individuals and representatives of members, research
establishments, academic bodies and institutions of governments and other bodies including the
Commission of the European Community.

+ To collect, disseminate and exchange information with other organizations

« To promote planning, promotion and organization of conferences and meetings

+ To procure planning, printing, publication and circulation of technical papers,

The Council of the ECerS consists of the Presidents of the Member organizations and one more

member of each national organization.

The President is elected by the Council for a period of two years. The President is assisted by the

Executive Committee and an Advisory Group. Six Working Groups have been established for specific

objectives: Education, R&D, Communication, Editorial, Industrial and Art, Design & Tradition .

Every two years the ECerS organizes a general Conference in one of the member countries.

Journal
The Journal of the ECerS publishes the results of original research relating to the structure, properties
and processing of ceramic materials. Papers of either an experimental or theoretical character will be
welcomed on a fully international basis. Papers may cover any of the branches of ceramic science and
technology and may relate to any of the so called categories, structural, functional and traditional
ceramics. The central objective will be to sustain a high standard of research quality by means

of appropriate reviewing procedures. The Journal is published for the ECerS by Elsevier Science
Publishers Ltd.

Awards
The Richard Brook Award:
This award is given to a ceramist belonging to a country outside Europe for outstanding contribution
to ceramic science or technology and for enhancing understanding and collaboration within the
international ceramic community.
The Stuijts Award:
In memory of Prof. A. Leo Stuijts (1922-1982), who contributed considerably to the development
of the science and technology of magneto- and electro-ceramic materials. This award is given to
ceramists belonging to a member country of the Society for outstanding contributions to ceramic
science, technology and educational activities or production.



