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Abstract

The effect of the addition of porcelain fired scraps on the sintering, phase composition and properties of a hard porcelain was studied. Two

ceramics were compared: a commercial triaxial porcelain labelled C-0 and one, where 15% of the mass of C-0 was substituted by scraps

yielding a composition labelled C-15. The sintering was evaluated by the linear shrinkage, the water absorption and the variation of closed and

total porosity, while the phase transformations were investigated by DTA-TG, dilatometry and XRD. Samples, sintered at 1350 and 1400 8C,

were used for the evaluation of the Young modulus and the bending strength. The addition of the fired scrap had a positive effect on the quartz

dissolution and on the formation of the liquid phase during the sintering. The sintering and the mechanical properties were improved by heat

treatment in the 1300–1350 8C range. Above this temperature, a significant over-firing with a decrease of the mechanical properties was

observed.
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1. Introduction

Porcelain is a white, non-porous and partially transparent

ceramic material, whose production started in China many

centuries ago. Today, porcelain is produced in many

countries and its technology is well known and described

in different textbooks and papers [1–5]. Recently, a well-

sintered tiling material, produced by a short firing cycle and

known as porcelain stoneware, was developed [6]. However,

the optimisation of the tableware porcelain and porcelain

stoneware productions is still ongoing and many new works,

discussing the ceramic structure [6–8] or the improvement of

its properties [9–12], are published every year.

A consistent part of the new studies is related to the

substitution of the traditional raw material in the composi-

tion (sand, feldspar and kaolin) with others, such as zeolite,
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corundum, bentonite, etc. [13,14], glass cullet [15–17] or

waste products [18–20]. This latter aspect acquires

particular importance due to the reduced availability of

high quality raw materials. In this regard, the porcelain

industry produces its own residues, part of which can be re-

used in the production cycle; a typical example are the fired

scraps of defected products [12,21,22]. Due to the

requirement of using raw materials with very low iron

oxides content, this possibility has particular importance for

the production of hard porcelain. In this case, particular

attention is paid to the rheological properties of the parent

mass [21,22], because the addition of the waste might

influence the forming process. This replacement, however,

also leads to a variation of the phase composition of the

green, which may influence the sintering process.

The present work investigates the effect of the addition

of fired scraps on the densification process in a hard por-

celain. Two ceramic compositions are compared: a typical

commercial composition of kaolin, sand and feldspar and
ved.
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a second one, where part of the sand and part of the feld-

spar were substituted by fired porcelain scraps.
2. Experimental procedure

Fired porcelain rejects may be cannibalised in different

manners. The simplest is the addition to an unchanged batch.

This guaranties no variation of the total chemical composi-

tion but decreases the kaolin percentage, i.e. may influence

the plasticity of the parent mass. This way is appropriate for

a continuous production cycle and a relatively low

percentage of scrap addition.

Another possibility is the replacement of only the non-

plastic raw materials. This type of substitution varies the

chemical composition, so that it is more suitable for a

discontinuous production cycle. Since the single replace-

ment of a filler increases the alkali oxides content and

decreases the mechanical properties [12], it is more

appropriate to simultaneously substitute part of the sand

and part the feldspar.

In the present work, two porcelains, whose compositions

are reported in Table 1, were studied. The first one, labelled

C-0, corresponds to a commercial hard porcelain; in the

second, labelled C-15, part of the sand and feldspar were

replaced by fired scraps, milled under 63 mm in size,

obtained by firing at 1350–1375 8C C-0.

The chemical compositions of the green and fired

porcelains were analysed by XRF analysis (Spectro

XEPOS), while BET specific surface of the parent powders

were obtained by N2 adsorption (ASAP 2000). The parent

batches were prepared directly in a production plant using a

discontinuous production cycle, as masses with water

content of about 20 wt.% (calculated on dry batch). Then,

the compositions were dried at 105 8C, crashed, milled and

sieved at a grain size below 125 mm. After addition of

10 wt.% water and homogenisation, green samples with

initial sizes of 10 mm � 10 mm � 8 mm (samples A) and

50 mm � 4 mm � 3 mm (samples B) were obtained by

uniaxial pressing at 50 MPa. After drying at room

temperature, the samples were heated at 5 8C/min up to

different temperatures (1200, 1300, 1350, 1375 and

1400 8C), held for 1 h and cooled at 10 8C/min. The degree

of sintering was estimated by the linear shrinkage, DL,

related to the initial size of 50 mm (samples B), and by the

water absorption, W, of samples A [3,4]. The experimental

error was estimated as �0.05% and �0.03% for DL and

W, respectively.
Table 1

Initial compositions of the investigated porcelains (wt.%)

C-0 C-15

Kaolin 52 52

Quartz 35 24

Feldspar 13 9

Scrap – 15
Samples A were also used to evaluate the bulk, rb,

skeleton, rs, and real, rr, densities. rb was estimated by a dry

flow pycnometer (GeoPyc 1360), while rs and rr by He

displacement Pycnometer (AccuPyc 1330), before and after

crashing and milling the samples below 26 mm, respectively.

The results were used to determine the total, PT, and the

closed, PC, porosities:

PT ¼ 100
rr � rb

rr

(1)

PC ¼ 100
rr � rs

rr

(2)

GeoPyc 1360 [23] measures the ‘‘enveloped’’ volume of

porous samples, placed in a chamber with compressed free-

flowing dry medium. The used medium, named DryFlo, is

made of tiny, rigid spheres and a small amount of dry

lubricant. It cannot fill in the open pores so that the measured

volume corresponds to the bulk density of the samples. The

AccuPyc 1330 [23] is a gas displacement Pycnometer, which

determines the ‘‘absolute’’ density by measuring the pres-

sure change of He in a calibrated volume. When bulk

samples are used, the evaluated volume corresponds to

the mass volume and closed for He pores, while when

powder samples are measured the real density is obtained.

The experimental errors associated in the evaluation of

rb, rs and rr were estimated as �0.012 g/cm3, �0.003 g/

cm3 and �0.002 g/cm3, respectively, which correspond to

an error of �0.6% and �0.2% for PT and PC, respectively.

The sintering process was studied by a Differential

Dilatometer (Netzsch 402 ED) and by DTA-TG analysis

(Netzsch STA 409). These experiments were carried out at

5 8C/min in the 20–1400 8C temperature range. By

dilatometry, the thermal expansion curves of samples,

sintered at different temperatures, were also obtained.

The phase analyses of the C-0 and C-15 porcelains,

sintered at different temperatures, were made by X-ray

diffraction (Philips PW1830 XRD apparatus and Cu Ka

radiation). The quantitative analyses have been carried out

by the combined Rietveld–Reference Intensity Ratio

(R.I.R.) method [24,25]. A 10 wt.% of corundum (NIST

SRM 674a) has been added to all samples as internal

standard. The mixtures, ground in an agate mortar, have

been side loaded into an aluminum flat holder in order to

minimize the preferred orientation problems. Data have

been recorded in the 5–1408 2u range (step size 0.028 and 6 s

counting time for each step). The phase fractions extracted

by the Rietveld–R.I.R. refinements, using GSAS software

[26] have been rescaled on the basis of the absolute weight of

the corundum originally added to the mixtures as an internal

standard, and therefore internally re-normalized.

Series of five B samples, sintered at 1350 and 1400 8C
were used for the evaluation of the mechanical properties:

the Young modulus was measured by means of the non-

destructive resonance frequency technique (Grindosonic)

while the bending strength was evaluated by a three point
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Table 2

Chemical compositions of C-0 and C-15 green samples and porcelains

bending test with 40 mm outer span at a speed of 0.1 mm/

min (SINTEC D/10).

(wt.%)

Al2O3 SiO2 K2O Fe2O3

C-0 green 24.89 63.65 3.16 0.43

C-15 green 26.38 62.30 2.99 0.46

C-0 porcelain 26.58 69.19 3.69 0.47

C-15 porcelain 28.21 67.47 3.52 0.49
3. Results and discussion

Table 2 reports the chemical analyses of the green and

fired porcelains. The substitution of 11% quartz and 4%

feldspar with 15% scraps does not vary the alkali content,

while about 1.5 wt.% SiO2 is substituted by Al2O3. The BET

specific surfaces of both powders (8.3 m2/g for C-0 and

7.7 m2/g for C-15) are typical for tableware porcelain and

porcelain stoneware [5,11,21].

The usual methods, used for the evaluation of the degree

of sintering, are the linear shrinkage, DL, and the water

absorption, W. These methods, however, give incomplete

information about densification: W only measures the open

porosity, while DL is a function of the initial green porosity,

i.e. it may vary for different batches. In the present work, in

order to obtain additional information about the closed

porosity, density measurements were carried out.

The values of DL and W, after sintering at different

temperatures, are presented in Table 3, together with the

corresponding real, rr, skeleton, rs, and bulk, rb, densities.

Fig. 1 shows the variations of the total, PT, and closed, PC,

porosity as a function of the temperature.

The right evaluation of the porosity depends on the

precise measurement of the real density. In some cases, rr

may be assumed as a constant, but in the porcelain, where

the phase composition varies during the sintering, it must be

obtained experimentally for each sample.

In C-0 and C-15, due to the increasing of the amount of

glassy phase with temperature rise, the real density

decreases. This is a consequence of the fact, that the glassy

structure always has a lower density than the corresponding

mixture of crystal phases. For example, rr of the potassium

feldspar, a-quartz and mullite have values of 2.54, 2.65 and

3–3.1 g/cm3, respectively [3,27], while the densities of the

glasses with feldspar, C-0 and C-15 compositions, estimated

by the Appen method [28], were evaluated as 2.39, 2.35 and

2.36 g/cm3, respectively. Some rr decreasing may be also

observed if re-crystallisation quartz-cristobalite occurs

[3,29].

The results of the green samples show that the addition of

fired scraps decreases rb and increases rr. This leads to a
Table 3

Shrinkage, water soaking, bulk, rb, skeleton, rs, and real, rr, densities of C-0 an

Shrinkage (%) Water soaking (%) Bulk dens

C-0 C-15 C-0 C-15 C-0

Initial – – – – 1.962

1200 5.83 7.22 5.95 5.90 2.234

1300 8.09 9.28 0.96 0.87 2.406

1350 8.24 9.95 0.15 0.02 2.413

1375 8.29 9.81 0.05 0.03 2.409

1400 7.58 8.39 0.04 0.04 2.368
higher initial porosity of C-15 (28.9 � 0.6%) with respect to

C-0 (26.6 � 0.6%) and indicates that the addition of reject

decreases the compressibility. This is probably a result of the

lower specific surface of the C-15 batch. This difference

highlights that the same degree of the densification (i.e. the

same total porosity) in C-15 will be attained with about 1%

more linear shrinkage, than C-0.

The PT and W values, obtained at 1200 8C, show that the

densification process is in its initial stage: the porosity is

only open with a value of about 14.5% for both composition;

W values are also similar (5.95% for C-0 and 5.90% for C-

15). This demonstrates that, regardless of the presence of an

existent glassy phase in the scraps, at this temperature the

waste addition does not improve the densification. This may

be explained by the too high viscosity of the SiO2-rich melt

in the rejects.

At 1300 8C, the sintering is significantly improved and

the transformation of open into closed porosity is observed:

PT decreases to 6.8% for C-0 and 5.3 % for C-15, while W to

0.96% and 0.87%, respectively. The highest densification

degree of C-15, corresponding to 4.2% PT is attained at

1350 8C, while sintering at 1375 and 1400 8C yields an over-

firing, leading to increased closed porosity and decreased

shrinkage. At the same time, the C-0 composition has the

best firing temperature at 13758 C, with a total porosity of

5.5%; at 1400 8C C-0 shows over-firing.

The C-15 batch has a lower specific surface and the C-15

green has higher initial porosity. Nevertheless, this

composition sinters better at 1300–1350 8C and shows

over-firing at lower temperatures, respectively, C-0. This

behaviour may be explained by the variations in the

mineralogical compositions during heat-treatment.

In order to investigate the reactions taking place during

the heat-treatment, the sintering process was studied in non-

isothermal conditions by Dilatometry and DTA-TG [30,31].

Fig. 2 shows the dilatometric traces of C-0 and C-15, while
d C-15 after 1 h holding at different temperatures

ity (g/cm3) Skeleton density (g/cm3) Real density (g/cm3)

C-15 C-0 C-15 C-0 C-15

1.929 2.689 2.731 2.672 2.711

2.241 2.589 2.602 2.616 2.625

2.452 2.528 2.533 2.581 2.589

2.460 2.473 2.488 2.559 2.567

2.436 2.421 2.443 2.550 2.558

2.363 2.378 2.372 2.542 2.550
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Fig. 3. Sintering rate of C-0 and C-15 compositions.
Fig. 1. Total and closed porosities of C-0 and C-15 as function of the

temperature.
Fig. 3 plots the corresponding derivates (i.e. the sintering

rate versus temperature). The two plots in Fig. 2 are similar

up to 1150–1200 8C, while at higher temperatures C-15

sinters faster. At 550–600 8C and at 950–1100 8C, the

samples show variations, related to the low-temperature

phase transformations. The low-temperature shrinkage is

more evident in C-15, probably, due to its higher initial

porosity: DL values at 1100 8C are 0.1% and 0.5% for C-0

and C-15, respectively. At 1200 8C, the shrinkage is 2.9% for

C-0 and 3.5% for C-15 (i.e. the difference remains similar),

while at 1350 8C the C-15 shrinkage (10.3%) is significantly

higher in respect of C-0 (8.4%). These results are in

agreement with the PT variations, presented in Fig. 1.

Fig. 3 shows that at 550–600 8C, as a result of the

kaolinite de-hydration and metakaolinite formation, some

shrinkage is observed, followed by a volume increase at

585 8C, due to the transformation of a-quartz in b-quartz.

At 980–1000 8C, the transformation of the metakaolinite

leads to new shrinkage [30] with a maximum transformation

rate at 985 8C. The densification in both samples starts at

1100–1120 8C and up to 1170–1190 8C the sintering rate is

similar. Then, the densification rate increases faster in C-15

and at 1250 8C its value is 20% higher than C-0. The

observed decrease of the densification rate at 1220 8C in

both ceramics is probably due to the beginning of formation

of secondary mullite. Dilatometric traces with similar
Fig. 2. Dilatometric traces of C-0 and C-15 compositions.
variations at 1210–1230 8C were also reported in other

porcelain compositions [31].

The DTA results are shown in Fig. 4. The endo-effect in

the 500–600 8C range is related to 7–7.5% losses in the TG

traces and corresponds to the kaolinite dehydration, while

the exo-peak at 990 8C to the metakaolinite transformations

(i.e. the formation of spinel-type aluminosilicate structure

and amorphous silica) [5,31]. The endo-effect, due to the

feldspar fusion and the partial quartz dissolution, starts at

about 1170–1190 8C. Notwithstanding the lower feldspar

content in the batch, this endo-effect is more evident in C-15,

highlighting that the milled porcelain waste accelerates the

quartz dissolution. Taking the glassy phase already formed

in the scrap into account, it may be inferred that the more

intensive sintering in C-15, as well as the observed over-

firing at lower temperatures, are due to the formation of a

higher amount of liquid phase.

This assumption was confirmed by the XRD results of

samples, sintered at 1350 and 1400 8C. The spectra are

plotted in Fig. 5, while the quantitative results are

summarised in Table 4. They show lower crystallinity in

the C-15 samples and an increase in the amorphous phase

with the temperature rise. It is also demonstrated that the

increase in the glassy phase is due to the dissolution of

quartz, while the mullite percentage remains constant.

Similar results were reported by other authors [4,10,21].
Fig. 4. DTA traces of C-0 and C-15 compositions.
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Fig. 5. XRD results of C-0 and C-15 porcelains, sintered at 1350 and

1400 8C.

Table 5

Mechanical properties of C-0 and C-15 after 1 h holding at 1350 8C and

1400 8C

Young modulus (GPa) Bending strength (MPa)

C-0 (1350 8C) 68 � 3 57 � 3

C-0 (1400 8C) 67 � 4 56 � 4

C-15 (1350 8C) 74 � 4 67 � 4

C-15 (1400 8C) 74 � 2 59 � 3
The variation of the quartz amount may also be estimated

by the changes of the thermal expansion coefficient, TEC,

of final ceramics. Due to the high TEC of a-quartz

(15 � 10�6 deg�1) and the low ones of mullite (5.3 �
10�6 deg�1) [3] and formed SiO2-rich glassy phase

(4–5.5 � 10�6 deg�1) [28], the dissolution of the quartz

leads to a decreasing of the thermal expansion coefficient.

In fact, the samples, sintered at 1300 and 1400 8C have TEC
Table 4

Results of Rietveld–R.I.R. quantitative XRD analysis (wt.%) for C-0 and C-

15 samples

1350 8C 1400 8C

C-0 C-15 C-0 C-15

Phases

Amorphous 57.8(1) 61.9(1) 63.6(1) 66.2(1)

Quartz 21.0(1) 16.4(1) 16.5(1) 11.7(2)

Mullite 21.1(4) 21.6(1) 19.8(1) 22.0(1)

Total 99.9 99.9 99.9 99.9

x2 5.27 4.22 4.08 3.33

Rwp 0.060 0.053 0.052 0.048

Rp 0.044 0.039 0.039 0.036
(20–400 8C) of 5.72 and 5.26 � 10�6 deg�1 for C-0 and

5.51 and 4.84 � 10�6 deg�1 for C-15, respectively.

Table 5 summarises the bending strength and Young

modulus of samples, sintered at 1350 8C and 1400 8C. The

results are similar with standard deviations of the same order

of magnitude as the differences between the four series. The

characteristics of both C-0 series are practically identical. At

the same time, the bending strength of C-15, sintered at

1350 8C has a maximum value, while the samples, held at

1400 8C, show some decreases. It may be concluded that the

addition of scraps has a positive effect on the mechanical

properties and that the variations of the properties are mainly

related to the residual porosity.
4. Conclusions

At sintering temperatures below 1200 8C, the addition of

fired scraps had no significant influence on densification. This

may be explained by the high viscosity of the SiO2-rich melt in

the porcelain waste, which was already fired at 1350–

1375 8C.

By raising the sintering temperature to 1300–1350 8C,

the molten part of the scrap starts to participate in the

dissolution of the quartz phase and in the densification

process of the porcelain. As a result, the sintering is

improved and products with lower porosity and higher

mechanical properties are obtained.

At 1375–1400 8C, the percentage of liquid phase

becomes too high, leading to over-firing and a decrease in

the properties.

In conclusion, the addition of 15% porcelain scrap red-

uces the sintering interval, decreases the sintering tempera-

ture and helps to obtain better mechanical properties.
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