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The present study aims to evaluate the impact of process factors on the optical characteristics of seashell-added glazes using 
a 23 factorial design. Seashells collected from the Black Sea beaches of Samsun, Turkey, were calcined for 1 hour at 700 °C. 
XRD and XRF analysis were used to perform chemical characterization of seashell powder. Seashell powders were added to 
commercial transparent glaze compositions dipped onto the surface of sintered ceramic bodies such as white and porcelain 
mud. The glazed ceramic bodies were sintered for 8 hours at 1000 °C and 1100 °C. The spectrophotometer determined the 
coloring parameters and gloss values of seashell-added glazes. The effect of utilizing the seashell powder on the color param-
eters of glazes was investigated using the experiment’s factorial design. The process factors were firing temperature, ceramic 
body, and seashell powder addition ratio. The study proved that the firing temperature significantly affects the optical prop-
erties of glazed samples in a 23 level factorial design. The substrate and additive ratio are the main factors for gloss value, 
whereas firing temperature is the main controlling factor for values L*, a*, and b*. By analyzing the impact of the variables 
and evaluating the color properties of ceramic glazes, the statistical approach of the factorial design was utilized to minimize 
testing efforts and optimize experimental data.
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Introduction

Ceramic glazes are thin vitreous coatings that envelop 
the ceramic body, used in ceramic art and industry 
to impart water resistance, cleanability, chemical and 
mechanical resistance, and aesthetic qualities to the 
final product. These properties often vary depending 
on the chemical composition of the glaze, the firing 
parameters, and the ceramic body to which it is applied 
[1-4]. Glazes consist of oxides; oxides are composed of 
pure substances and oxidizing elements. Silicon dioxide 
is the glass former of a glaze composition, while alkali 
and alkaline earth oxides function as fluxes, opacifiers, 
or dyes. Calcium oxide, an inexpensive raw material 
widely used in glaze compositions, acts as a flux during 
the firing process and reduces the viscosity of the glaze, 
giving the glaze hardness and durability [5-7].

Seashells are natural products used in materials science, 
construction, and architecture because of their structural 
properties [8-10]. The shells are easily accessible on the 
beaches. Seashells are composed of calcium carbonate, 
providing strength, hardness, and toughness to the shell 
structures sandwiched between biopolymers. Because of 
the calcium carbonate included in the composition of 
these natural products, it is utilized as a strengthening 

raw material in the field of ceramics. Due to the calcite 
phase it contains, it has found an area of use as a raw 
material in ceramic glaze compositions [11-13].

In order to obtain as much data as possible with a 
small number of tests, make the complex relationships 
between the outputs understandable, and optimize 
the processes, statistical experimental design methods 
have been applied in many different disciplines for 
many years [14, 15]. Ceramic production is a process 
that involves an immense number of variables, such 
as raw material selection, process equipment, firing 
temperatures, etc. These variables affect the quality 
and technical performance of products, some of which 
can be controlled and others beyond the manufacturer’s 
control [16, 17]. The effect of factors on product 
performance can be effectively defined using statistical 
experimental design techniques. The statistical design 
of experiments is a method that allows the rapid, 
economical, and inaccurate development of processes 
and products based on many characteristics. Design of 
experiments are predetermined tests in which variables 
are arranged in accordance with a specific method. A 
well-designed experiment achieves meaningful results at 
a minimal cost. A poorly designed experiment wastes 
valuable time and resources. Experimental design is the 
most economical and accurate way to perform process 
optimization [18-20].

Factorial experiment design results in synchronous 
modification of the levels of two or more factors, such 
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as temperature, pressure, time, mixing rate, process 
variables, and raw material changes and quantities, while 
maintaining the level of other factors to determine the 
response effect of change at each factor’s level. As a 
result, the main effects of factors can be determined, 
and the interactions between factors can be detected [19, 
21]. Factorial design is commonly used in the fields 
of engineering specifically to investigate the combined 
effects of parameters in addition to their main effects. 
The objective of experimental design is to discover 
the critical variables that affect the final product, their 
impact on variability, and the corresponding settings. 
The variables that we observe how the product affects 
certain aspects are called factors, and the properties we 
measure are called responses. Factors can be quantitative 
or qualitative and have a location value [19, 22, 23].

In this study, the effect of process parameters; additive 
ratio, ceramic body (substrate), and firing temperature on 
optical properties of glazed ceramics was investigated. 
The experiments were designed as 23 multifactor 
experimental designs, and the impact of the main factors 
and their interactions was determined as a result of 
the analysis. 

Experimental

The seashells, collected from the Black Sea Region 
of Turkey, were washed and heat-treated at 700 °C 
for 1 hour to remove organic components. After heat 
treatment, the seashells were crushed and ring milled for 
60 seconds, then sieved under 63 μm. In order to obtain 
glazes, seashell powders were added to the commercial 
transparent glaze at a ratio of 10% and 30% in weight. 

Glaze compositions were applied to fired bodies by 
dipping technique after ball‐milling for 30 minutes in 
alumina media with water. To prepare fried bodies 
(with a diameter of 5 cm), two different plastic slurries 
(white and porcelain mud) were hand-pressed and dried 
at room temperature. Dried ceramic bodies have been 
heated at 900 °C for 7 hours in an electric furnace under 
atmospheric conditions. The qualitative phase analysis 
of sintered bodies was carried out using an X-Ray 
Diffractometer (XRD, Miniflex 600, Rigaku) between 
20° and 70° diffraction angles with a scan speed of 2º/
min and a step size of 0.02 under 30 kV and 15 mA.

The sintering of glazed bodies was performed at 
two different temperatures (1000 °C and 1100 °C) at 
the heating rate of 10 °C/min., with a holding time 
of 60 minutes at the peak temperature. The optical 

parameters of the glazed bodies were determined using 
a spectrophotometer (CM-5, Konica Minolta) between 
wavelength range of 360 nm-740 nm. 

Factorial design is employed to reduce the total 
number of experiments to achieve the best overall 
system optimization. In this study, the 2P factorial 
design method was used for two levels. The number 
of experiments (N) required for understanding all the 
effects is given by the equation N=2P=23=8, where the 
number of variables p=3.

The variables used for the factorial design method 
were selected as firing temperature, substrate, and 
additive ratio. These variables and their interactions 
and the maximum/minimum levels defined for factorial 
design are given in Tables 1 and 2. These levels are 
expressed in coded form as +1 for maximum and 
-1 for minimum. The results were analyzed with the 
Minitab 16 Software to determine the main effects and 
interactions between variables.

Results and Discussion

XRD patterns of sintered bodies are given in Fig. 
1. Both white mud and porcelain mud included 
quartz (SiO2; ICDD: 46-1045/ICDD: 82-1561), albite 
(NaAlSi3O8; ICDD:09-0466), and mullite (Al6Si2O13; 
ICDD: 15-0776) crystalline phases. According to XRD 
patterns, all sintered bodies mainly contained quartz, 
whereas aluminum silicate phases such as mullite and 
albite were presented as minor crystalline phases.

Chemical composition and the qualitative phase 
analysis results of calcined seashell powders and 
commercial transparent glaze (Glaze 0497 Transparent, 
Carl Jager) were reported in prior studies [12, 24]. In 
still, the XRD patterns of calcined seashell powder and 
commercial transparent glaze are given together in Fig. 
2. Seashell powder comprised mainly aragonite (CaCO3; 
ICDD 41-1475) and calcium oxide (CaO; ICDD 28-
0775), and the commercial glaze mainly contains (SiO2; 
ICDD 70-9989 and ICDD 73-3470) crystalline phase 
according to XRD results. Seashell powder is composed 

Table 1. Main factors and their interactions.

Main factors Two factor interactions Three factor interactions
Temperature Temperature*Substrate Temperature*Substrate*Additive ratio

Substrate Temperature*Additive ratio
Additive ratio Substrate*Additive ratio

Table 2. Variables and levels used in factorial design.

Variables -1 +1
Temperature 1000 °C 1100 °C

Substrate White mud Porcelain mud
Additive ratio 10% 30%
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CaO (56.22 wt.%), although commercial transparent 
glaze mainly includes SiO2 (69.0937 wt.%), Al2O3 

(12.7568 wt.%), CaO (8.7214 wt.%), Na2O (2.1234 
wt.%), MgO (1.1253 wt.%), and K2O (1.0998 wt.%) 
as reported in past studies with XRF results [12, 24]. 
Loss on ignition (1000 °C) is 1.1580 wt.% for glaze 
and 42.69 wt.% for seashell powder.

Digital images of transparent ceramic glazes 
containing seashell powder in varying proportions by 
weight and fired at different temperatures are shown in 
Fig. 3. The color of glazed bodies changes from white to 
yellowish-white. All glazes applied on bodies provided 
non-homogenous opacity, whereas the glaze bodies’ 
dispersal was homogenous at a firing temperature of 
1100 °C. It is well known that a smooth surface with 
a high proportion of light reflecting off it at the same 
angle to the surface as the incident beam will have a 
high gloss value. On the other hand, on a matte (opaque) 
surface, part of the light is reflected at angles different 
than the incident angle (diffuse reflection). As a result 
of the increased refractive index of the glaze caused by 

surface roughness, crystals, or phase separation, lower 
gloss values are obtained [25, 26]. It has been observed 
that the glaze does not spread homogeneously on the 
ceramic surfaces fired at 1000 °C. The accumulation 
of glaze on the ceramic surface is described in the 
literature as a crawling defect, which is widely used 
for aesthetic purposes. The crawling glaze gathers and 
creates specks because it cannot completely wet the 
ceramic body’s surface. The reasons for the crawling 
defect are glaze surface tension, the strength of the bond 
between the glaze and the ceramic body, and the rapid 
shrinkage of the glaze [27, 28]. CaO tends to solidify 
the glaze below 1100 °C while impeding fusion; it 
also interacts with aluminum oxide and silica to form 
anorthite crystals cooling. Although CaO is an alkaline 
oxide, it is not used as a flux; instead, at temperatures 
over 1100 °C, CaO becomes a flux. For these reasons, 
crawling error also occurs in cases where the firing 
temperature is low in glazes containing CaO [29-31]. 
Also, the decrease in glaze viscosity is connected to 
the more homogenous dispersion of the glaze on the 
surface as the firing temperature rises. 

Surface errors and crystal phases prevent the 
homogeneous spread of the glaze on the surface of the 
structure, and the opacity of the glaze increases [32]. 
In addition, it has been observed that pinhole defects 
occur in 30 wt.% seashell additive glazes that have been 
fired at 1100 °C. The high percentage of calcite in the 
seashell powder develops a thermal decomposition at 
temperatures over 650 °C. The formation of pinholes 
has been associated with CO2 gas bubbles that appear 
by thermal decomposition [33]. The surface defects 
were rectified as a consequence of uniformly covering 
the surface at 1100 °C with 10 wt.% seashell addition 
glaze studies.

The color and gloss values of glazed bodies are given 
in Table 3, where L* indicates whiteness, a* redness-
greenness, and b* yellowness-blueness. The highest 
gloss (60°) value (42.9) belongs to the C2 sample, glazed 
on a white ceramic body and fired at 1100 °C with 10 
wt.% seashell addition. The gloss (60°) was measured 
low in samples C1 (23.9), C3 (8.2), C5 (3.3), and C7 
(1.6), which had crawling defects on their surfaces. 

Fig. 1. XRD graph of sintered ceramic bodies.

Fig. 2. XRD graph of seashell powder and commercial transparent 
glaze.

Fig. 3. Digital images of glazed bodies.
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Furthermore, as the amount of seashell addition rises, the 
CaO mattness in it increases, and low gloss values were 
obtained in 30 wt.% additive samples. When the glaze 
samples’ whiteness (L*) values were examined, they 
varied between 80.94 and 87.82 and were very close 
to each other. The natural white color of the ceramic 
bodies may have contributed to the increase in the L* 
value. A higher L* value in samples with a low firing 
temperature has been associated with an increase in 
temperature and a change in the substrate’s fired body 
color. The a* values of all glazed surfaces were found 
close to each other. High b* values were measured in 
C2 (13.89), C4 (9.72), C6 (12.14) and C8 (9.28) samples 
fired at 1100 °C. The yellow color, which causes a 
high b* value in glazes, has been associated with the 
fact that seashell has a high loss on ignition, as well as 
the carbonate, phosphate, and sulfate it contains, which 
come out during firing and accumulate in the furnace 
atmosphere, adhering to the surface with increasing 
temperature [34, 35].

A 23 full factorial design was used to evaluate the 
importance and interactions of the temperature, additive 
ratio, and substrate. The response variables in this study 

are the optical properties of glazed samples. Minitab 16 
statistical software was used for the data analysis. In 
the first stage, the zero hypothesis, which assumes that 
the main effects and interactions are equal to zero, was 
tested using the F test. The ANOVA tables (Table 4-7) 
include the effective main factors and their interactions 
according to effective factors. DF: means degrees of 
freedom, Seq SS: means the sum of squares, MS 
means square, and F distribution is used to determine 
the differences between factors’ variances. The most 
significant F value is the most influential factor in the 
model. P values indicate the ratio of the unadmitted 
region (P values lower than the admitted α are effective). 
α = 0.05 value is used (with a 99% confidence interval) 
[36, 37].

The p values in Table 4, Table 5, and Table 7 show 
that all effects and interactions are equal to zero at a 
5% significance level. In Table 6, the temperature and 
substrate interaction and the p values less than 0.05 
in the triplet interaction show that not all effects and 
interactions are equal to zero at a 5% significance level. 

Figure 4 shows the main effect graphs of the factors. 
The main effect of a factor is the difference between the 

Table 3. Color and gloss values of glazed bodies with coded variables.

Sample Code Coded variables L* a* b* Gloss (60°)
C1 -1 -1 -1 87.54 3.84 6.93 23.9
C2 1 -1 -1 80.94 2.52 13.89 42.9
C3 -1 1 -1 88.99 2.85 6.24 8.2
C4 1 1 -1 85.65 1.41 9.72 2.7
C5 -1 -1 1 87.62 3.09 5.17 3.3
C6 1 -1 1 81.59 1.95 12.14 3.9
C7 -1 1 1 82.87 2.51 5.7 1.6
C8 1 1 1 85.95 1.26 9.28 10

Table 4. ANOVA table of L* value for effective factors.

Source DF Seq SS Adj SS Adj MS F P
Main Effects 3 56.230 56.2299 18.7433 374865.83 0.000
Temperature 1 41.538 41.5380 41.5380 830760.50 0.000
Substrate 1 8.266 8.2656 8.2656 165312.50 0.000
Additive ratio 1 6.246 6.4262 6.4262 128524.50 0.000
2-Way Interactions 3 61.129 61.1295 20.3765 407529.83 0.000
Temperature*Substrate 1 38.254 38.2542 38.2542 765084.50 0.000
Temperature*Additive ratio 1 12.215 12.2150 12.2150 244300.50 0.000
Substrate*Additive ratio 1 10.660 10.6602 10.6602 213204.50 0.000
3-Way Interactions 1 8.556 8.5556 8.5556 171112.50 0.000
Temperature*Substrate*Additive ratio 1 8.556 8.5556 8.5556 17112.50 0.000
Residual Error 8 0.000 0.0004 0.0000
Pure Error 8 0.000 0.0004 0.0001
Total 15 125.915
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average response variables calculated when the factor is 
at a high level and a low level. In the main effect graph, 
the more significant the difference that level changes 
of a factor will make on the response variable, the 
steeper the line joining the levels [38]. In this respect, 
it is clearly understood that the temperature factor for 
L*, a*, and b* is proportionally more effective than 
the other factors. For gloss, the effect of the substrate 
and additive ratio factors is more effective than the 
temperature factor.

Interaction is the effect of one factor on performance 
criteria that depends on another factor [20, 39]. Interaction 
plots of the factors are given in Fig. 5. When binary 
interaction charts are examined, it is clear that there 
is a high degree of effect of temperature*addtive ratio 
and temperature*substrate interaction over the L* value, 
that a* and b* additive ratio interaction can occur for 
values, and that the effect of the temperature*additive 

ratio interaction for the gloss value is not observed. 
At the same time, the result of statistical analysis 
is highly effective for the temperature*substrate and 
substrate*additive ratio interactions.

In the normal probability graph, which shows the 
relative size and statistical importance of major effects 
and interactions, the value located farthest from the 
reference line is the most influential factor in the process 
[40]. As can be seen from Fig. 6, the most effective 
factor for L*, a*, and b* is temperature. A normal 
probability marking chart for L* and a* also shows 
that the temperature factor at the farthest distance from 
the reference line and receiving a negative value is 
the most influential factor on the process and that the 
1000 °C-realized sintering will increase the value of 
L* and a*. For the b* value, it is seen that there is a 
temperature factor that receives a positive value, and 
sintering at 1100 °C will increase this value. However, 

Table 5. ANOVA table of a* value for effective factors.

Source DF Seq SS Adj SS Adj MS F P
Main Effects 3 10.2888 10.2888 3.42960 68592.00 0.000
Temperature 1 6.6564 6.6564 6.65640 133128.00 0.000
Substrate 1 2.8224 2.8224 2.82240 56448.00 0.000
Additive ratio 1 0.8100 0.8100 0.81000 16200.00 0.000
2-Way Interactions 3 0.2188 0.2188 0.07293 1458.67 0.000
Temperature*Substrate 1 0.0100 0.0100 0.01000 200.00 0.000
Temperature*Additive ratio 1 0.0324 0.0324 0.03240 648.00 0.000
Substrate*Additive ratio 1 0.1764 0.1764 0.17640 3528.00 0.000
3-Way Interactions 1 0.0000 0.0000 0.00000
Temperature*Substrate*Additive ratio 1 0.0000 0.0000 0.00000
Residual Error 8 0.0004 0.0004 0.00005
Pure Error 8 0.0004 0.0004 0.00005
Total 15 10.5080

Table 6. ANOVA table of b* value for effective factors.

Source DF Seq SS Adj SS Adj MS F P
Main Effects 3 128.991 128.991 42.997 64294.46 0.000
Temperature 1 110.618 110.618 110.618 165409.80 0.000
Substrate 1 13.231 13.231 13.231 19785.28 0.000
Additive ratio 1 5.142 5.142 5.142 7688.31 0.000
2-Way Interactions 3 13.195 13.195 4.398 6576.93 0.000
Temperature*Substrate 1 11.645 11.645 11.645 17413.32 0.000
Temperature*Additive ratio 1 0.006 0.006 0.006 8.98 0.017
Substrate*Additive ratio 1 1.544 1.544 1.544 2308.50 0.000
3-Way Interactions 1 0.005 0.005 0.005 6.81 0.031
Temperature*Substrate*Additive ratio 1 0.005 0.005 0.005 6.81 0.031
Residual Error 8 0.005 0.005 0.001
Pure Error 8 0.005 0.005 0.001
Total 15 142.196
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the most effective parameter for the gloss value is the 
substrate*additive ratio interaction.

Experimental design is based on the assumption that 
residues are dispersed independently and typically [41]. 
In order to show the validity of this assumption, the 
residual plots given in Fig. 7 were used. Here it is 
understood that the residues (a) are typically distributed, 
b) the averages of the residues are zero, that the data 
has no end value and no distortion, c) that the values 

are now randomly distributed, and d) that the variance 
is constant, and that there is no systematic effect on the 
data due to the time or data collection order.

The Pareto Chart shows the importance of the 
factors alone and their interactions and is seen in Fig. 
8. The t value is 2.3. As can be seen from the Pareto 
charts, the most influential factor for L*, a*, and b* is 
temperature, while the most effective factor for gloss 
value is substrate and additive ratio.

Table 7. ANOVA table of gloss value for effective factors.

Source DF Seq SS Adj SS Adj MS F P
Main Effects 3 1651.79 1651.79 550.596 110119.17 0.000
Temperature 1 126.56 126.56 126.562 25312.50 0.000
Substrate 1 657.92 657.92 657.922 131584.50 0.000
Additive ratio 1 867.30 867.30 867.302 173460.50 0.000
2-Way Interactions 3 976.13 976.13 325.376 65075.17 0.000
Temperature*Substrate 1 68.06 68.06 68.063 13612.50 0.000
Temperature*Additive ratio 1 5.06 5.06 5.062 1012.50 0.000
Substrate*Additive ratio 1 903.00 903.00 903.003 180600.50 0.000
3-Way Interactions 1 264.06 264.06 264.062 52812.50 0.000
Temperature*Substrate*Additive ratio 1 264.06 264.06 264.062 52812.50 0.000
Residual Error 8 0.04 0.04 0.005
Pure Error 8 0.04 0.04 0.005

Total 15 2892.02

Fig. 4. Main effects plots for L*, a*, b* and gloss values.
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Conclusion

In this study, transparent glazes with different ratios 

of seashell addition were applied to ceramic bodies 
prepared from white mud and porcelain mud to evaluate 
the effect of process parameters on optical properties 

Fig. 5. Interaction plots for L*, a*, b* and gloss values.

Fig. 6. Normal plots of standardized effects for L*, a*, b* and gloss values.
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via full factorial design. The glazed bodies were fired 
at 1000 °C and 1100 °C, then color and brightness 
measurements were performed. Minitab 16 statistical 
software was used for data analysis, and the results were 
evaluated. The glazed bodies prepared with seashell 
addition showed a narrow range of colors from white 
to yellowish white and surface roughness. Seashell 
additions in the proportions of 10 wt.% to 30 wt.% in 

transparent glaze result in environmentally friendly and 
low-cost glaze production. In manufacturing crawling 
glaze, which is highly preferred, especially for aesthetic 
purposes, seashell powder can be used as an alternative 
to CaO in low temperatures.

Experimental design with a full factorial design is 
an effective tool to evaluate the effects of temperature, 
additive ratio, and substrate parameters on the optical 

Fig. 7. Residual plots for L*, a*, b* and gloss values.

Fig. 8. Pareto chart of the standardized effects for L*, a*, b* and gloss values.
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properties of glazed ceramic bodies. The study 
demonstrated that the firing temperature significantly 
affects the optical properties of glazed samples in a 23 
level factorial design. Especially for values L*, a*, and 
b*, the temperature is the main controlling factor, and 
for brightness value, ceramic substrate and addition ratio 
of seashell powder are the main factors. The weights 
of interactions between the factors were less significant 
and varied for properties. It can be concluded from the 
present study the statistical methodology can provide 
significant time savings by identifying relevant factors 
and their levels. It is apparent that the factorial design 
of experiments is a highly helpful way to determine the 
major variables and levels affecting production while 
using less material, labor, and time.
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