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Compound reinforcement of glaze wear resistance
by prestress and second grain phase

To study the reinforcement effect of prestress and hard grains on glaze wear resistance, fused quartz was
added to a ceramic body to introduce various prestresses by creating a thermal expansivity difference with

glaze, and feldspar opaque glazes with and without zircon grains were coated on the ceramic bodies. The

elastic moduli and Poisson ratios of the glazes were measured by the 2D-DIC system. Furthermore, the

prestress of the glaze was calculated according to the double-layer thermal residual stress model and
measured by DIC using the stress-release method. The weight losses of the samples caused by the

Received 7th June 2019
Accepted 26th July 2019

modified method of ISO 10545-7 were determined; the results showed that the weight of the glaze was

reduced by 23.8% by increasing the prestress to 81.2 MPa and by 35.9% by adding 7.2 wt% zircon grains.

DOI: 10.1039/c9ra04279b

rsc.li/rsc-advances was decreased by 62.7%.

1 Introduction

The roles of the glazes applied to ceramic products are to cover
the ceramic body, create a satisfactory appearance and protect
the product surface from both mechanical and chemical
damage."” To achieve economic benefits and provide satisfac-
tory products to customers, wear resistance is considered the
most vital characteristic of glazed tiles in ceramic companies.
However, a relevant problem of ceramic tiles is that wear inev-
itably occurs on the glazes.*' To address this problem,
multiple methods have been developed including the addition
of hard particles with high-temperature stability to the glaze,
crystallization of hard grains from the glaze, and enhancement
of the aluminay/silica ratio or reduction in the amount of fluxing
agent;*™® this is because most of the hard grains, such as
zircon, spinel, mullite and gahnite, exhibit higher refraction
indices than the glass phase that results in the opaque
appearance of the glaze. Thus, hard grains are widely used to
enhance the wear resistance of opaque glazes. Zircon'*** is the
most frequently used material among these hard grains due to
its high hardness, wide applicability in glazes and simple
manufacturing process. However, considering the high price of
ZrO, and ZrSiOy,, it is of significance for the ceramic industry to
reduce the consumption of Zr or even replace it with other more
economical materials.

In the glass industry, it is common to improve the wear resis-
tance and the strength of glass by a toughening treatment that
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By introducing 7.2 wt% zircon grains and enhancing the prestress to 123.7 MPa, the abrasion weight loss

involves tempering;*** the toughening treatment imposes a pres-
sure stress on the surface of the products. However, pressure stress
generated by the low thermal expansion of a glaze than that of the
ceramic body exists in majority of glazed products. Higher prestress
might help to further improve the grain glaze wear resistance.
However, to date, limited studies have been conducted on the effect
of pressure stress on the glaze wear resistance. Furthermore, it is
difficult to evaluate the value of the pressure stress of glazed tiles,
which is related to the elastic modulus and Poisson's ratio of the
glaze and ceramic body. Note that to date, only few studies have
investigated the elastic properties of glaze. High-temperature
fluidity and the gas release process of a glaze confine the prepara-
tion of glazes with sizes suitable for the traditional bending method
and the vibration method for the testing of Young’'s modulus.”**
Although the compression test can directly measure the monolithic
Young's modulus of samples with a strain gauge, to satisfy the
fitting of most of the strain gauges, the samples should have
a regular columnar shape and should be longer than 100 mm.
However, glazed samples with length more than 25 mm are difficult
to prepare using a precision saw; moreover, the surfaces of some
glazed samples may be matte or rough; this further makes it
unlikely to obtain accurate results for strain gauges.

The abovementioned limitations have led to the introduc-
tion of a new technique called digital image correlation (DIC);
DIC*?¢ is a fast, accurate, non-contact and non-destructive
optical technique that can measure accurate displacements
and calculate the strains on the surface of a specimen subjected
to a driving force with the help of a speckle pattern placed on
the test surface of the specimens. A camera with high SNR
(signal to noise ratio) is used to obtain the images of the surface
of specimens both with and without various loading conditions.
Subsequently, the deformation of the speckle pattern in the
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selected region is tracked by comparing the images via the DIC
analysis software. Finally, the strain on the surface is calculated.

In this study, a consumer-grade high-SNR camera was used to
obtain the images of the specimens with and without various
compression loadings. In addition, the 2D-DIC software was used
to analyze the lateral and the axial strain on the specimens. Thus,
the Young's modulus and Poisson's ratio of the specimens could
be easily and accurately measured. Furthermore, a calculation
model to evaluate the glaze stress generated by the cooling
shrinkage was introduced, and the prestress of the glaze was
measured by DIC using a stress-release method. Finally, both
individual and collective effects of the prestress and zircon grains
on the wear resistance of the glazed tile were investigated.

2 Experimental procedure

2.1 Sample preparation

Commercial green tile powder (YLW, H80244X, CHN) with and
without various amounts of fused quartz (D50 = 18 um) was
used to prepare ceramic bodies with different thermal expan-
sivity values. The green powder and fused quartz were mixed
with a certain amount of water in a planetary mill. After drying,
the mixture was granulated by passing it through a 20-mesh
sieve, and then, the granulated powder was compressed to
square green bodies with the side length of 110 mm. Herein,
four kinds of ceramic bodies were prepared and labeled as Ry,
R;, Ryp and Ry;5, which contained 0 wt%, 3 wt%, 10 wt% and
15 wt% of fused quartz, respectively.

To investigate the effect of prestress and zircon grains on the
wear resistance of glaze, two kinds of glazes that were adaptable
to the firing schedule of a roller kiln were prepared: one was
feldspar opaque glaze with zircon grains, marked as G4, and the
other was feldspar opaque glaze, marked as G,. The raw mate-
rials consisted of alumina, zircon, kaolin, calcite, albite, talc,
barium carbonate and zinc oxide, and the compositions of these
two glazes are listed in Table 1. After being passed through
a 200-mesh sieve, the raw materials were mixed with a certain
amount of water, 0.3 wt% sodium carboxymethyl cellulose
(CMC), and 0.3 wt% sodium tripolyphosphate (STP) followed by
milling in the planetary mill for 30 min. Then, the slurry was
sprayed onto the green bodies. The thickness of the glazes was
controlled by the weight gain of the ceramic bodies. To study
the influence of thermal expansivity on the glaze wear resis-
tance, approximately 10 g of G; and G, slurries were sprayed on
the 7 mm-thick samples Ry, Rz, Ry and R;5, which were marked
as Ry-G1-Ry5-G; and Ry-G,-Ry5-G,, respectively. To investigate
the effect of the thickness ratio (glaze/ceramic body) on the
glaze wear resistance, approximately 8 g, 10 g and 12 g of G,
slurries were sprayed onto 6, 7 and 8 mm thick Ry, and the
obtained samples were marked as Ros°~Ros'>. The subscript
represents the thickness of Ry, and the superscript represents
the mass of the G, slurry.

After drying, the samples were thermally treated in a roller
kiln at 1200 °C at the heating rate of 40 °C min ™", where they
were held for 5 min at maximum temperature and then sub-
jected to the average cooling rate of 50 °C min~'. The glaze
surfaces were analyzed after firing.
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Table 1 Compositions of Gy and G, (wt%)
Numb. SiO, AlLL,O; CaO ZnO MgO Na,O ZrO, BaO
Gy 51.13 17.76 7.76 2.83 6.33 4.75 4.79 4.65
G, 49.74  19.22 9.98 3.68 3.34 7.34 0.00 6.70

To investigate thermal expansivity, elastic modulus and Pois-
son's ratio, the glaze slurry was dried and granulated by passing it
through a 20-mesh sieve and then compressed into glazed bodies.
These glazed bodies were placed on a corundum gasket and fired
at 1200 °C for a certain period of time (30 min for G; and 60 min
for G,) to eliminate air bubbles resulting from the thick glaze layer.
After firing, these hemispherical specimens were cut into cuboids
and annealed at 600 °C for 2 h. The ceramic bodies were also cut
into cuboids for the test.

2.2 Characterization techniques

X-ray diffraction (XRD; PANalytical X'pert PRO, Almelo, the Neth-
erlands) using Cu Ko radiation from 10° to 60° with the step of
0.03° and the time step of 0.1 s was used to verify the crystalline
phase of the glazes. Scanning electron microscopy (SEM; ZEISS
EVO 18, Oberkochen, Germany) was used to observe the micro-
morphology of the samples in the back-scattered electron (BSE)
pattern and secondary electron (SE) pattern. Samples were etched
by a 1 vol% hydrofluoric acid solution for 1 min before observa-
tion. The thermal expansion of the samples was measured by
a thermodilatometer (DIL 402 Expedis Classic) with the size of 3 x
3 x more than 25 mm. The Archimedes principle was employed to
measure the water absorption of the samples.

The established 2D-DIC system, an image of a specimen with
speckle pattern and the testing machine are shown in Fig. 1.
The DIC system consisted of a CMOS industrial camera (Sun-
Tae, MX880M, CHN, 8.8 megapixel, 2.5 pm pixel), one light
source, one tripod stand and a PC workstation. A black spray
was used to prepare a random speckled surface. The camera
obtained the surface images of the specimens under various
compressive loadings at the rate of 20.9 fps. The compressive
loading was applied by a universal testing machine (Model
5567, Instron, USA). The open source software Ncorr V1.2 was
used to process the obtained speckle pattern images. The subset
radius of the region of interest (ROI) was set to 21-36 pixels, and
the subset spacing was set to 1-3 pixels.

The wear resistance of the samples was characterized
using a method modified based on the testing conditions of
ISO 10545-7 (Ceramic tiles - part 7: Determination of
resistance to surface abrasion for glazed tiles). After being
weighed, the samples were cut to approximately 100 x
100 mm and fixed under metal holders for the test. A stan-
dardized abrasive slurry obtained from ISO 10545-7, which
contained steel balls with various diameters, aluminum
oxide and distilled water, was poured into the holders as the
abrasive. The system was rotated with the eccentricity of
22.5 mm at 300 rpm, and the applied revolutions of the
abrasive slurry were 8000 rounds. After drying, the weight

This journal is © The Royal Society of Chemistry 2019
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Fig.1 2D-DIC system testing machine and specimen with a speckle pattern ((a) control platform; (b) working platform; (c) specimen with speckle pattern).
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Fig. 2 XRD patterns of G; and G,.

loss of six specimens of one sample was determined by an
analytical balance (Sartorius, GL623, Max 620 g, d = 1 mg).

For the measurement of prestress, the iron-zircon pigment at
the water-material ratio of 1 : 3 was used as a dye, and the random
feature points were printed on the surfaces of the samples by
cotton. After drying, the fixed industrial camera was used to obtain
the image of the initial state of the sample surface in an immobile
position. Then, the sample was annealed at 700 °C for 2 hours.
After obtaining the surface image of the annealed state, the surface
stress was released via the slitting method. Finally, after the slitting
process, the surface image of the sample was obtained, and then,
the surface strain was analyzed by the 2D-DIC system. Therefore,
the corresponding stress value was determined in accordance with
the elastic modulus of the glaze.

3 Results and discussion

3.1 XRD characterization of glazes

The XRD patterns of G; and G, are shown in Fig. 2. Only the
feldspar phase Ca,,Na, AlSi; ,O0g existed in G,, whereas zircon

This journal is © The Royal Society of Chemistry 2019

and feldspar coexisted in G;. As zircon grains are widely used to
enhance the wear resistance of glazed tiles, in this study, glazes
both with and without zircon have been used to investigate the role
of zircon grains in enhancing the wear resistance of glazes.

3.2 Elastic modulus measurement of the glaze

Fig. 3 shows the lateral and axial strain data plots of the R,
obtained in this study under the 15 000 N compressive
loading; these data plots consisted of a strain field contour in
the specified direction, the key parameters set through the
DIC analysis and the monolithic average strain under the
specified load in the specified direction, as highlighted by the
red frame. As shown in Fig. 3, in addition to the monolithic
strains of the samples under compressive loads, the strain
concentration regions of specimens under compressive loads
could be clearly detected in the strain field contour.

The stress could be calculated by the load and the sectional area
of the samples, and the lateral and axial strains of the samples
under various loads could be tested by the DIC measurement.
Consequently, the stress-strain curves and the lateral-axial strain
curves were obtained, as shown in Fig. 4.

Herein, four compressive loads were applied for each
sample, and the slopes of the stress-strain curves and the
lateral-axial strain curves provided the elastic modulus and
Poisson's ratio of the sample, respectively. All the correla-
tion coefficients R? of the linear fittings for the curves were
greater than 0.95, suggesting that the 2D-DIC system was
competent to provide precise measurements of the strains.

3.3 Thickness ratio of the glazed tiles

To study the effect of the thickness of glazes and ceramic bodies on
the wear resistance of the samples and calculate the stress on the
glaze surface, the glaze thicknesses were measured by SEM. Fig. 5
shows the cross-section images of the sample Ry,'>. As the glazed
layers had different morphology than the ceramic bodies, these two
layers were clearly distinguished; moreover, since the heating
process lasted for only 35 min, the gas could not be fully released
during this extremely fast process. Although many bubbles existed

RSC Adv., 2019, 9, 24951-24962 | 24953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04279b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 August 2019. Downloaded on 6/14/2026 9:44:29 PM.

(cc)

RSC Advances

View Article Online

Paper

-3.5

Type: eyy-plot

Reference Name: Body_0.jpg

Cument Name: Body_B.jpg

Analysis type: regular

RG-DIC Radius: 36 | Strain Radius: 5 | Subset Spacing: 2

Diffnorm Cutoff: 1e-06 | keration Cutoff: 50 | Threads: 4

Step Analysis: Disabled

RG-DIC Subset Truncation: Disabled | Strain Subset Truncation: Disabled
Image Cormrespondences: [0 6]

Units/pixels: 0.02264 mm/pixels

Comelation Coefficient Cutoff: 0.0437 L a t e ra I
Radial Lens Distortion Coefficient: 0

Max: -0.0007 |Median: -0.0047§| Mn: -0.0079

N

N

15

Type: exx-plot

Reference Name: Body_0.jpg

Current Name: Body_6 jpg

Analysis type: regular

RG-DIC Radius: 36 | Strain Radius: § | Subset Spacing: 2

Diffnorm Cutoff: 1e-06 | fteration Cutoff: 50 | Threads: 4

Step Analysis: Disabled

RG-DIC Subset Truncation: Disabled | Strain Subset Truncation: Disabled

Image Comespondences: [0 6]

Units/pixels: 0.02264 mm/pixels L
Comelation Coefficient Cutoff: 0.0437 X I a
Radial Lens Distortion Coefficient: 0

Max: 0.0076 | Median: 0.0009 | Mn: -0.0041

Fig. 3 The lateral and axial strain data plot of the sample Ry under a 15 000 N compressive loading.

in the samples, as shown in Fig. 5, the water absorption was less indicated that the samples were sufficiently compact to be used for
than 0.4%. As shown in Fig. 6, no blowhole defects were observed the abrasion test. The thicknesses of the glazes were measured by
on the sample surfaces with or without the abrasion test; this SEM, and the thicknesses of the sintered glazed tiles were measured

24954 | RSC Adv., 2019, 9, 24951-24962 This journal is © The Royal Society of Chemistry 2019
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by a micrometer caliper. Via this way, the thickness ratios of the
glazed tiles were calculated and are listed in Table 2. Since G; and
G, have similar components, the R-G; and R-G, samples have
similar glaze thicknesses. Thus, the thickness ratio of these two
series was similar to that of the sample Ry,

3.4 Thermal expansivity of the glazes and ceramic tiles

Both ceramic bodies and glazes are isotropic materials. The
thermal expansivities of the glazes and ceramic bodies are o,
and a,, respectively. Under the condition of oy, > ag, the ceramic
body suffers a tension stress, and the glaze suffers a pressure
stress. The thermal expansivity investigated in this study was an

This journal is © The Royal Society of Chemistry 2019

Stress—strain curves and lateral—axial strain curves of the samples Gy, G, and R to Rys.

average value of that obtained in the range from room
temperature (25 °C) to T, of the glaze. After the annealing
treatment, the glass network structure of the glaze would
become denser without any change in the thermal expansivity;
this would lead to a greater expansion of the sample beyond T,
during the heating process than that for the sample without
annealing; this phenomenon is expressed as a sudden increase
in the slope of the thermal expansion curves.” Thus, the
thermal deformation and T, of the samples could be measured
by the thermal expansion curves, as shown in Fig. 7. It was
observed that G; and G, presented similar thermal deformation
behavior, and the T, values of G, and G, were 668 °C and 645 °C,
respectively. Because the degree of densification in G; might be

RSC Adv., 2019, 9, 24951-24962 | 24955
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Fig. 5 Cross-section images of the sample Ro/*2.

greater than that in G,, the slope of the G; curves increased
more. To simplify and make the calculation of thermal expan-
sivity uniform, the temperatures used in this study ranged from
640 °C to 25 °C. The thermal expansivities of the ceramic bodies
and glazes are listed in Table 3. Due to its extremely low thermal
expansion, fused quartz has been widely used to reduce the

View Article Online
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thermal expansivity of heated components. Table 3 shows that
the addition of fused quartz can significantly reduce the
thermal expansivity of ceramic bodies, and the thermal expan-
sivity of ceramic bodies added with 15 wt% fused quartz is 68%
of that without fused quartz.

Fig.6 SEM images of the surfaces of the samples Ro-G; and Ri5-G; ((a) the origin surface of sample Ro-G;, (b) the abrasion surface of sample Rq-
Gy, (c) the origin surface of sample Ry5-Go, and (d) the abrasion surface of sample Rys5-Go).
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Table 2 The thickness ratios of samples from Rog® to Rog'?

Sample Ros8 Rosm R078 Roes R0710 Roew Rosu Ro712 Roslz
Thickness ratio 0.018 0.024 0.025 0.026 0.028 0.033 0.039 0.040 0.043

3.5 The calculation of prestress

For an infinitely flat-shaped sample, the thickness ratio of the glaze
layer to the green body layer can be denoted as j. During the cooling
process, when the temperature is lower than the glaze temperature
(Ty), both the glaze and the green body contract as the temperature
decreases. In the absence of an external force, the contraction of the
glaze differs from that of the ceramic. However, as they are bonded
together and cannot contract freely, both the stress o, (for glaze) and
oy, (for the ceramic body) are experienced, resulting in the shrinking
of the glaze and ceramic body at the same rate throughout the
cooling process. Since the thermal expansivity of the ceramic body is
larger than that of the glaze, o, is the pressure stress and oy, is the
tensile stress; moreover, the difference between the temperature of
the glaze T, and the natural surrounding temperature is named AT.
Eqn (1) can be obtained by the static balance condition:

Ty

Table 3 Thermal expansivity of the ceramic bodies and glazes from
640 °Cto 25°C

Sample Thermal expansivity (x107 ¢ °C™)
R 8.9
R, 8.6
Ry 7.9
Ris 6.8
G, 6.5
G, 7.7

Table 4 Surface stress and abrasion weight loss after abrasion wear of

Oy = — (1) Gy and G; glazing on Rg, Rs, Rigp and Rys
J
Pressure stress
Sample Weight loss (mg) (MPa)
As glaze and ceramic experience the same contraction, it can
be derived that Ro-G, 99.2 £ 2.0 89.3
o R3-Gy 105.4 & 4.4 77.9
4y = a, ATl + EE (1 —uy)! (2) RipG, 109.7 £ 1.7 51.7
g Ry5-G, 113.5 + 0.5 11.0
Tb -G 137.2 £ 1.2 46.4
Ay = AT — = (1 — )l 3) RoGy
oo Eb( ) ) RyG, 146.3 + 3.1 34.7
Ri0-G, 154.3 + 4.5 7.7
Ry5-G, 161.4 £ 3.5 —34.4
0.009
0.008 —
] F—g,
0007+ |— g
i 2
0.006 —
0.005 _ T =645°C =
S - ‘
_»—cl 0.004—- 0
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Fig. 7 Thermal expansion curves of G; and G,.
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Table 5 Surface stress and abrasion weight loss after abrasion wear of
the G, glazed tiles with different thickness ratios

Thickness Pressure stress
Sample ratio Weight loss (mg) (MPa)
Rog® 0.018 130.3 £ 1.7 46.8
Ros™° 0.024 134.0 £ 1.4 16.6
Ry,° 0.025 134.6 + 0.6 46.5
Ros® 0.026 139.6 £ 0.8 46.5
Ry, 0.028 137.2 £ 1.2 46.4
Ros™° 0.033 143.2 £ 0.2 46.2
Rog*? 0.039 142.4 + 1.4 46.0
Ry, *? 0.040 143.7 £ 0.9 46.0
Ros'? 0.043 146.0 £ 0.2 45.9
Ay = Ay @)

where E, and E;, denote the elastic moduli of the glaze and
ceramic body (MPa), respectively; u, and w;, denote the Pois-
son’s ratio of the glaze and ceramic, respectively; and [ is the
length of the glazed tile (mm).

Thus, the pressure stress of the glaze can be derived using

eqn (1)-(4):

oy — . )AT
TR ©)
g +i My
E, E,

3.6 The effect of prestress and zircon grains

The abrasion weight loss of G; and G, glazing on four kinds of
ceramic bodies and the stresses of each sample calculated
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through eqn (5) are listed in Table 4. Eqn (5) shows that when
the thermal expansivity of the ceramic body is greater than that
of glaze, the pressure stress that the glaze suffers is stronger. R,
possessed highest thermal expansivity, and R;s possessed
lowest thermal expansivity. Thus, Ry-G; and Ry-G, possessed
strongest pressure stresses, whereas R;5-G; and R5-G,
possessed weakest pressure stresses in the G; and G, sample
series, respectively. Because the thermal expansivity of R;5 was
lower than that of G,, the sample R;5-G, suffered tensile stress,
which could be defined as a negative value of pressure stress.
Moreover, with an increase in the pressure stresses of the gla-
zes, the weight losses of the samples diminished accordingly;
this was attributed to the stronger wear resistance performance.
Regardless of whether wear-resistance grains (in this study,
zircon) were included in the glazes, the pressure stress could
enhance the wear resistance of the glazed tiles, and the rein-
forcement effect of the zircon grains was more effective than
prestress. In this study, the gains in wear resistance contributed
by the pressure stress were 14.4% and 17.6% for G, and G,,
respectively. Although the pressure stresses of the samples R;5-
G, and R,(-G, were similar and close to those of the stress-free
samples, the abrasion weight loss of the former was 35.9% less
than that of the latter, respectively, due to the addition of
7.2 wt% zircon grains. Compared with that of the sample R;s-
G,, the weight loss of the sample Ry-G; decreased by 62.7% due
to the introduction of the zircon grains (7.2 wt%) and pre-
loading of a high pressure stress (123.7 MPa).

3.7 Effect of the thickness of glaze and body

Table 5 lists the abrasion weight losses and the calculated
stresses of G, glazed tiles with different thickness ratios (glaze/
body). The results suggested that the effect of the thickness
ratio on the stress suffered by the glaze was significantly weaker
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Fig. 8 The average weight loss of the Rge, Rg7 and Rog series G, glazed tiles with different thickness ratios.
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Fig. 9 The 2D-DIC system and sample surface images ((a) DIC system, (b) initial surface of sample, and (c) strip-cutting destruction surface of

sample).

than the effects of thermal expansion when compared with the
results presented in Table 4. Furthermore, the relationship
between the glaze thicknesses and the abrasion weight losses of
the Rge, Ro7 and Ryg series samples is shown in Fig. 8. For the
samples with the same ceramic body thickness (approximately 6
mm, 7 mm or § mm), an increase in the glaze thickness led to
an increase in the weight loss of the samples; this indicated
a relatively weaker wear resistance capacity. Moreover, for the
glazed tiles with glaze layers of similar thickness, an increase in
the thickness of the ceramic bodies would enhance their wear
resistance. A glazed tile may undergo deformation during the

This journal is © The Royal Society of Chemistry 2019

cooling process due to the different contractions of the glaze
and ceramic body. This deformation of the glazed tiles causes
a structural adjustment in the glaze-ceramic body, and the
actual value of the pressure stress may be less than the calcu-
lated value. A thicker ceramic body or thinner glaze layer may
lead to a weaker deformation of the glazed tiles; thus, the value
of the pressure stress is more consistent with the ideal model.
In this study, the sample Rys® had the thickest ceramic body
layer, the thinnest glaze layer and the highest pressure stress
among the sample G, series, and the abrasion weight loss of
Ros® was 23.9% less than that of R;5-G,.
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Fig. 10 Sample strain analysis results ((A) X-axis strain diagram after annealing; (B) Y-axis strain diagram after annealing; (C) X-axis strain diagram
after strip-cutting destruction; and (D) Y-axis strain diagram after strip-cutting destruction).

3.8 Prestress measurement By fixing the position of the camera as well as the sample, not
only could the stability of the test be guaranteed, but also the

Fig. 9 shows the optical images of the 2D-DIC measurement g i .
strain field prior to and after the sample processing could be

platform and the initial and post-treatment state of the sample.
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obtained through the 2D-DIC analysis, whose results are shown
in Fig. 10. After the annealing treatment, the tempering stress
on the surface of the samples was virtually eliminated. There-
fore, the strains caused by annealing appeared in the directions
of the X axis and Y axis, whose figures were 0.0002 and 0.0003,
respectively. Since the strip cutting process is only helpful to
release the stress in the direction normal to the strip, the
experimental strip direction was parallel to the X axis. There-
fore, no strain was detected in the X axis direction after the
slitting processing, whereas the large strain of 0.0010 was
generated in the Y-axis direction. The results show that the
sample suffered both the tempering stress and shrinkage stress
during the cooling process; based on the elastic modulus of the
glaze, the tempering stress was calculated to be 10.1-15.2 MPa,
and the shrinkage stress was 50.5 MPa; these values were close
to the results obtained from the simulation calculations.

4 Conclusion

(1) The elastic modulus and Poisson ratio of the glaze and
ceramic bodies can be accurately, conveniently and efficiently
measured by a 2D-DIC system. The prestress of the glaze can
then be calculated according the double-layer thermal residual
stress model. The stress of the glazed tile can be measured by
this 2D-DIC system combined with the stress-release method.

(2) A greater thermal expansivity difference or a lower
thickness ratio between the glaze and the ceramic body can
enhance the wear resistance of the glaze by providing a stronger
pressure stress to the glaze or reducing the deformation of the
glazed tile, respectively. As the thermal expansivity of the
ceramic body increased from 6.8 x 107°°C *t0 8.9 x 107 °°C™*
and the thickness ratio of the G, glazed tile decreased from
0.043 to 0.018, the calculated pressure stress of the G, glazed
tiles was increased by 81.2 MPa, and the abrasive weight loss of
the glazed tiles was reduced by 23.9%.

(3) Glaze wear resistance can be effectively reinforced by
compositely introducing hard grains and prestress. In this
study, compared with the cases of the samples Ry-G; and R;5-G,
the addition of a 123.7 MPa prestress and 7.2 wt% zircon
resulted in the reduction of the glaze abrasive weight loss by
62.7%.
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