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Vitreous enamel (glass-ceramic) coatings are used to improve surface properties of metals due to their chemical and high
temperature resistance. With the widespread use of enamelled products, it is necessary to develop enamels with high abrasion
resistance, which protects their performance in abrasive environment such as scratches and friction damage. In this study,
tungsten carbide (WC) and quartz (SiO,) were added as mill additives into the enamel composition in proportions ranging
from 0 wt.% to 8 wt.%. An XRD analysis was performed to examine the effects of additives on crystal phases. Depending
on the additive type, SiO,, CaWO, and WC phases were observed. The batches were applied on cast iron. The abrasion
resistance of the enamelled cast iron surfaces were investigated by PEI test (ISO 10545-7). An SEM-EDS analysis were carried
out to investigate the fracture mechanism and the effects of addition on the microstructure. The analyses reveal that surface
morphology and abrasion resistance of the enamel coatings change depending on the mill additive rate. With 8 wt.% WC and
8 wt.% SiO, addition, the abrasion resistance was improved by 51.80% compared to the standard sample.
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Introduction to be improved [1, 10]. In glass-ceramic coatings, mill
additives are ground together with the frit at the stage
Vitreous enamels (glass-ceramic coatings), also known of final product production before application. They are
as porcelain enamels, are inorganic coating materials obtained from minerals such as clay, quartz and feldspar,
used to improve the surface properties of metals [1]. or can be synthetic, such as pigment and nitrate. Enamel
Glass-ceramics are structures obtained by controlled coatings are generally applied by two basic methods:
crystallisation in the glassy phase and have superior dry and wet coating. Mill additives vary depending on
properties due to their composite structure [2]. Glass- the enamel coating method and regulate the application
ceramic coatings improve the chemical and high- parameters as well as the enamel properties on the metal
temperature resistance of the metal on which they are surface [11, 12].
coated, increase the corrosion resistance and facilitate Mechanical abrasions, such as scratches and friction
the desired aesthetic appearance including, for example, damage the enamel surface; hence, enamel loses the
color, lustre and opacity [3]. Vitreous enamel coatings are ability to protect the ground metal. When enamels are
used in widespread fields of industry where physical and used in cookware and boilers, enamel-coated surfaces
chemical resistance is required, i. e. kitchen equipments, undergo mechanical, chemical and thermal abrasion. In
heat exchangers and boilers [4-7]. particularly, the removal of coating from the cookware
Frit (a glass ceramic structured raw material) and surface leads to the metal ion transfer from the substrate
mill additives form the coating composition [8, 9]. Frit metal into the food. These metal ions migrate to the
consists of various oxides obtained by high-temperature human body through food and are stored in the body.
melting (1100-1450 °C) and subsequent cooling of Studies have shown that metal ions (e.g., Al, Ni)
multiple raw materials, such as quartz (SiO,), feldspar migrating into the body can cause serious illnesses
(MAISi,0,) sodium borate (Na,[B4Os(OH)s]-8H,0O) and [13, 14]. Therefore, enhancing the coating’s abrasion
carbonate (MCO5?). Mill additives are used to provide resistance is imperative, as it plays a paramount role in
properties such as refractoriness, color and gloss values, safeguarding human health.
chemical resistance, which cannot be obtained during The first studies aimed at improving the abrasion
the production of glass-ceramics and which are desired resistance of the coating were related to the enamel
structure. In studies with different enamel compositions
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was observed that the abrasion resistance of the enamels
having good acid resistance was better than the enamels
having weak acid resistance. In addition, tin oxide (SnO,)
mill additive to 1% was found to improve abrasion
resistance [16]. In recent studies, mill additives have been
used to improve the mechanical properties of enamels.
In the experiments with 30 wt.% potassium feldspar
(KAISi;05) and 30 wt.% zirconium silicate (ZrSiOs) mill
additives, it was seen that the surface defects started to
appear, and the abrasion resistance get worse [17]. In
another study, the effect of using zircon, spodumene,
feldspar, and quartz as an additive was examined, and
it was observed that the use of feldspar, zircon, and
high amount of spodumene had a negative effect on
abrasion resistance. The 10 wt.% quartz addition has
been shown to improve mechanical properties without
loss of other properties [11]. In the study conducted on
aluminum enamel, the effect of spodumene, quartz, WC,
SiC and graphite mill additive on abrasion resistance was
investigated. It has been observed that 10% spodumene
or quartz additive improves abrasion resistance and
graphite additive causes flake formation and decrease
abrasion resistance. In addition, agglomerated particles
were found to increase the porosity in the structure [18].
Rossi et al., aluminum was preferred as metallic base
in the study [18]. Aluminum enamels (T; < 570 °C) are
fired at low temperature compared to cast iron enamels
(Tr < 750 °C) and low carbon steel enamels (Ty> 820
°C). For this reason, the reactions that will take place
during firing are different. In addition, the reactions and
phase transformations of WC and WO; with enamel
oxides are not studied.

In these studies, generally the effects of hard ceramic
particles on the surface properties and mechanical strength
of the coating were examined. There are no publications
researching the reactions and phase transformations of
additives with the glass-ceramic structure. In this paper,
we investigate the effects of only wolfram carbide (WC),
only quartz (SiO,) and quartz combined WC (WC + SiO,)
mill additives on the surface morphology and abrasion
resistance of cast iron enamel coatings. WC is preferred
as an additive to increase the abrasion resistant materials
due to its high hardness (HV=26 GPa) [19, 20]. SiO,

Table 1. Composition of Studied Frit.

has been used due to its refractory character and network
former properties [1]. In addition, since SiO, acts as a
network former, it ensures compatibility between WC
and the glass-ceramic structure. The prepared enamel
batches were applied by wet spray on cast iron. Surface
properties were analysed by spectrophotometer and
optical microscope. An XRD analysis was performed
to determine the enamel phases. The effects of mill
additives on enamel abrasion resistance was investigated
by a PEI (ISO 10545-7). The abrasion mechanism on the
enamel surface after the abrasion test and the effects of
mill additives on enamel surfaces were investigated by
means of SEM-EDS analysis.

Materials and Methods

The experimental flow chart of the study is shown
in Fig. 1.

Enamel Slurry Preparation

An Akcoat commercial product (RTU CB2910) for
wet application was used and was coated on grey cast
iron. The frit used in this study is sodium borosilicate
based. The frit oxide composition is given in Table 1.
300 g of frit was used for the production of the enamel
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Fig. 1. Experimental Flow Chart.

Oxides Composition (%)
RO, Si0,, TiO,, ZrO, 57.52
RO Na,0O, KO, Li,O 13.26
RO Ca0, MgO, BaO, SrO, ZnO, NiO, CoO, CuO, MnO 13.57
R,05 B,0s, Fe,0;, ALO;, Cr,0s, Sb,Os 14.21
RO; MoO; 0.16
R F 1.21
R,0s P,Os 0.07
Total 100.0
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Table 2. The amount of hard particles in each sample, with
WO0QO being the reference sample.

Hard Particles

Sample WC wt.% Quartz wt.%
WO0QO0 0

Wwo0Q4 4 0
Wwo0Q8 8 0
W4Q0 0 4
W8Q0 0 8
W4Q4 4 4
W8Q8 8 8

composition. The amount of mill additives was kept
constant in all samples. 4 wt.% black pigment (Cr,Os-
Fe;0,-CuO) was used as a colorant. As viscosity agents,
0.8 wt.% Amorphous silica (SiO,), 4.5 wt.% caolinitic
clay (AL(OH),Si:0s) and 0.3 wt.% sodium nitrite
(NaNO,) were used. Frits were dry milled by alumina-
zircon balls for 15 min with 99.5% purity Tungsten
Carbide (WC) (Global Tungsten, dy=3 um) and Quartz
(Si0,, coded as Q) (de=75 um) additives with different
mixture proportions, as presented in Table 2. The
Alumina-zirconia mill balls weighed 850 g. Different
ball sizes were used to obtain a more homogeneous
milling. Ball diameter distribution was as follows: 15
mm, 20 mm and 25 mm with proportions of 33%, 33%
and 34%, respectively. The dry milled batches were
sieved through 60 mesh sieves.

Phase Analysis

Controlled crystallization (devitrification) was applied
to the prepared batches to examine the crystallization
behavior of the enamel. 15 g samples were taken from
the dry batch and pressed with a cold press with 150
kN for 15 s. (Herzog HTP 40). Samples were fired for
12 min at 770 °C and cooled at room temperature. The
cooling pellets were milled (Rocklabs Ring Mill) and
XRD analyses were performed on pellet powders using
Cu K, radiation (Rigaku Miniflex 600).

Coating Application and Surface Analysis

The dry batches were wet milled to 100 g of enamel
powder with 30 ml water for 90 s. Samples were sieved
through 150 mesh sieves. Enamel slip was applied by
spray method on gray cast iron plates (10x10x4.5 cm).
Enamel-coated plates were dried at 110 °C for 20 min.
The dried samples were fired in a box furnace at 770 °C
for 12 min. CIE L*, a*, b* (color) values of enamel coated
surfaces are measured by spectrophotometer (Konica
Minolta CM-700d Spectrophotometer). In this system
there are three different axes to define the color; L*, a*
and b*. L* axis indicates the black/white or brightness
of the color. Here, the color closest to black and white
has the value 0 and 100 L*, respectively. The axes a*
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and b* determine the chromatic values of the color. The
axis a* represents the redness (+) and greenness (-) of
the color, while the axis b* represents the yellowness
(+) and blueness (-) of the color. Sample surfaces were
investigated by optical microscopy (Olympus SZ61)
and by electron microscopy (Zeiss Supra 50VP SEM
equipped with Oxford Instruments EDS). SEM images
were obtained in the backscatter electron mode with an
acceleration voltage of 20 kV and a working distance
of 7.8-7.9 mm.

Abrasion Resistance Test

A PEI tester (Gabbrielli Technology Abrasimetro
W3) according to ISO 10545-7 standards was used for
determination of the abrasion resistance. The purpose
of the test was to determine the abrasion resistance of
the enamel plate by the rotation of the abrasive load on
the surface. Within the scope of the test, the abrasive
load mixture was placed on the enamel plate surface
in a closed circle and the abrasives were rotated. The
distribution of total load used within the scope of the
test is as follows: 70.0 g of steel balls of diameter 5
mm; 52.5 g of steel balls of diameter 3 mm; 43.75 g
of stell balls of diameter 2 mm; 8.75 g of steel balls of
diameter 1 mm; 3.0 g of white fused aluminum oxide of
grain size F80 according to ISO 8486 standards and 20
ml of distilled water. The total abrasive weight was 180
g. The rotation speed of the abrasive mixture was 300
rpm. The radius of the enamel coating area interacting
with the abrasive mixture was 45 mm. The pre-weighed
enamel-coated plates were subjected to a 5000 cycles
abrasion test. The plates were dried at 110 °C for 30 min.
Changes in weight loss for each sample were measured
after the abrasion test.

Results and Discussions

XRD Results
XRD patterns of the enamel compositions are
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Fig. 2. Comparative XRD patterns of different enamel
compositions.
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presented in Fig. 2. Frits are amorphous due to their
glassy structure. Frit and mill additives have a glass-
ceramic structure as a result of controlled crystallization.
Amorphous structure is seen in the XRD pattern of the
standard sample, except for crystal peaks from pigments
(Fig. 2:W0QO0). Samples W0Q4 and W0QS contain only
4 wt.% and 8 wt.% quartz, respectively. Adding quartz
mill additive into the enamel recipe simply highlights
the SiO, crystal peaks (#PDF:00-0078-1252). However,
when WC was used as a mill additive, a new crystalline
phase other than WC (#PDF:00-073-0471) was observed,
namely CaWO, crystal (CaWO,, #PDF:00-072-0257),
which is a form of scheelite tungstates and consists of
M* and [WO,]* ions [21, 22].

WC starts to oxidize at 500 °C. According to the
reaction below, WC reacting with oxygen in different
proportions converts to wolfram dioxide (WO,) and
WO; forms depending on the oxygen pressure in the
system (Eq. 1-6) [23, 24]:

WC + 0, > WO, + C (1)
WC + (3/2)0, — WO, + CO ©)
WC + (3/2)0, — WO; + C 3)
WC + 20, — WO, + CO, @)
WC + 20, — WO; + CO )
WC + (5/2)0, — WO + CO, (6)

Again, carbon dioxide (CO,) and carbon monoxide
(CO) gas formation is connected with oxygen pressure
[23, 25-29]. A certain amount of WC added as a mill
additive is oxidized during firing and it is converted to
WO:;. In general, WO; can react with other oxides in
the enamel composition. WO; reacts with CaO at 550
°C and forms the CaWO, compound (Eq. 7) [30-32].

WO; + CaO — CaWO, 7)

Also, sodium oxide (Na,O) and potassium oxide
(K,0), which are other alkali metals present in the frit
composition, do not react with WOs, due to the low firing
temperature (<770 °C) [33, 34]. WO; tends to react with
alkaline earth metals (beryllium (Be), magnesium (Mg),

calcium (Ca), strontium (Sr), barium (Ba) and radium
(Ra)) [30, 35, 36]. The oxide forms of alkaline earth
metals (MeQO) are prone to react with WO; [30, 37].

MeO + WO; — MeWO, (8)

Theoretically, WO; can react with 4B and 6B
elements. Yet, conditions such as firing temperature or
oxygen base pressure are not suitable for these reactions
to occur. Transition metal oxides Mo, Mn, Fe, Co, Ni,
Cu and Zn are in the form of metal oxides (M;O,) in
the enamel composition [38, 39]. Transition metal oxides
(A) form the AWO, phase with wolfram oxides (Eq. 8)
and these phases appear in the chloride or nitrate form
[38, 39]. Nevertheless, due to the low amount of these
transition metal oxides in the enamel composition, new
crystals may not have formed or may not have been
detected by XRD analysis.

Surface and Microstructure Analysis

The CIE L*, a*, b* values of enamel coatings applied
on cast iron in SCE65 form are shown in Fig. 3. An
increase in L* value is observed with the addition of mill
additives Q and WC. The highest L* value is obtained
when Q and WC are added to the enamel composition at
the same time. The same amount of black pigment was
used in all samples, but the pigment/enamel composition
ratio decreases with the addition of Q and WC mill
additives, so that the pigment’s dyeability decreases
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Fig. 3. CIE L*, a*, b* values of the samples.

Fig. 4. Optical images of as-prepared only quartz-added sample surfaces a) W0QO, b) W0Q4 and c¢) W0QS.



Fig. 5. Optical images of as-prepared sample surfaces a) W4QO0,
b) W8QO, ¢) W4Q4 and d) W8QS.

and the coating surface becomes whiter. In addition, the
a* and b* values are determined as —0.47+0.015 and
—1.2940.04, respectively. The standard deviations from
the average values of a* and b* are acceptable.

Fig. 4 presents the optical images of the as-prepared
reference sample and only Q-doped samples. Standard
and Q added samples have an overall surface appearance
of enamel coatings.

In Fig. 5 optical images of W4Q0, W8Q0, W4Q4
and W8QS8 sample surfaces are presented. The enamel

Fig. 6. SEM images before PEI abrasion tests a) W0QO, b) W0QS, ¢) W8QO0, and d) W8Q8.
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coating prevents gases from forming due to high surface
tension as well as preventing low fluidity from leaving
the structure CO and CO, gases formed during the
oxidation of WC cause closed porosities in the structure
[40]. Bright and dark regions indicate apexes and
dents, respectively. Unlike the samples with only WC
additive, surface blisters are observed on the surfaces
of the samples where two mill additives are added. The
surfaces of W4Q4 and W8QS8 are similar to those of
standard and SiO, added samples (Fig. 4c-5d).

Fig. 6 shows the SEM images of the as-prepared
sample surfaces. SEM images were obtained in back-
scattered electron (BSE) mode. The W0QO sample has
a standard enamel appearance coated on gray cast iron.
Open pores are visible on the sample surface (Fig. 6-a,
Spot-1). The parts seen as white dots on the surface
are Cr-Fe-Cu-based black pigments (Fig. 6-a, Spot-2).
Quartz is the main network-former of glass matrix in
vitreous enamel [1]. The addition of SiO, increases the
glassy phase formation in the structure and causes a
reduction of porosity (Fig. 6-b). Large pores (Fig. 6-c,
Spot-1) and small pores (Fig. 6-c, Spot-3) are seen on
the surface of the W8QO0. The volume of pigments on
the surface decreases (Fig. 6-¢, Spot-2). WC and CaWO,
can be detected on the surface by EDS analysis (Fig.
6-c, Spot-4). The homogeneity of the enamel surface
increases with the addition of SiO, (Fig. 6-d-W8Q8).
According to EDS analysis, Spot 2 in Figs. 6-c and
Fig. 6-d corresponds to a WC- and CaWOu-rich region.
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The CaWOQO, distribution caused by WC oxidized on
the surface decreases and the appearance of the glass-
ceramic matrix increases (Fig. 5-d Spot-2).

Abrasion Resistance

The abrasion mechanisms of enamel coatings are
examined in two different ways: on the surface and
subsurface levels [15, 41]. The surface abrasion
mechanism of enamel coatings develops with crack
formation and nucleation at the grain boundaries.
Subsurface abrasions, on the contrary, cause greater
damage than on the surface abrasion [1, 15, 41]. There
are two main strengthening mechanisms to improve the
mechanical properties of vitreos enamel coating surfaces:
frit modification and mill additive [1]. The most widely
used mechanism to prevent or decrease crack formation
is by adding a secondary phase to the grain boundaries.
In this study, the improvement of the surface abrasion
resistance of enamel was investigated. Weight loss
method was chosen to measure the abrasion resistance of
the enamel coating. The enamel coating with the lowest
weight loss after the PEI abrasion test (according to ISO
10545-7) is defined as the optimum sample. PEI abrasion
resistance test results are given in Fig. 7. According to
the results of the PEI abrasion test, the sample with the
lowest abrasion resistance is the W0QO sample, whose
mass loss is 0.305 g. The incorporation of SiO, as a mill
additive leads to an enhancement in abrasion resistance.
While the weight loss of sample W0Q4 with 4 wt.%
SiO, amounts to 0.275 g, the loss in the sample with
8 wt.% SiO, amounts to 0.152 g. WC addition to the
enamel composition improves abrasion resistance more
than the effect of SiO, addition. However, the 8 wt.%
WC addition reduces abrasion resistance only slightly.
Due to the hardness and mechanical strength of WC,
it shows more resistance to mechanical abrasives than
SiO,. Weight loss in the W4QO0 sample containing 4
wt.% WC is 0.170 g. Weight loss increases to 0.203 g
with the contribution of 8 wt.%. The mechanical effect
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Fig. 7. Weight loss of samples after 5000 cycles PEI abrasion test.

of WC and SiO, against mechanical abrasives results in
improved abrasion resistance. Weight loss is measured
as 0.193 g in the W4Q4 sample with 4 wt.% WC and
4 wt.% SiO,. With an increase in the Quartz rate, the
oxidation of WC decreases, and the W8QS8 sample,
containing 8 wt.% additives, yields the best abrasion
resistance, with a weight loss of 0.147 g.

Fig. 8 show back-scattered electron (BSE) images of
the samples after the abrasion resistance test, respectively.
Oxidation reactions and gas outlets that occur during
firing lead to porosity on the surface (open pores (Spot-
1 in Figs. 6-a and 6-b) or in the structure (bubble or
closed pores (Fig. 8-a Spot-2)). Pore dimensions can be
both in micro (Fig. 8-a Spot-3) and macro form (Fig.
8-a Spot-1). Pores increase crack nucleation and weaken
the mechanical properties of enamel coatings [1, 17, 41].
In the WOQO sample’s BSE images after the PEI test,
brittle fracture is observed (Fig. 8-a). Cracks nucleate at
grain boundaries. The glassy phase on the left side of
the image was separated from the structure after abrasion
and caused weight loss. The closed porosity formed in
the structure becomes visible after the PEI test. Porosities
lead to a decrease in abrasion resistance [11]. Small white
dots on the BSE images are pigments (Fig. 8-b Spot-1).
With the addition of SiO,, the glassy phase increases
and closed pore formation and dimensions decrease
(Fig. 8-b Spot-2). Abrasion becomes homogeneous and
cracks continue to nucleate at grain boundaries. (Fig.
8-b). The 4 wt.% SiO, additive is homogeneously
distributed in the glassy phase (Fig. 8-b). SiO, addition
reduces the expansion coefficients of enamels, thereby
reducing thermal stress [42]. The reduction of thermal
stress reduces crack formation during abrasion. SiO,
crystals that resist mechanical abrasion improve abrasion
resistance by preventing crack nucleation within the
glassy structure [18]. An increase in the SiO, rate
causes regression in homogeneous distribution (Fig. 8-c).
However, with the increase of mechanical strength, the
weight loss is reduced. The large white dots (Fig. 8-c
Spot-1) seen on the surface are CaWQ, crystal, while
the gray areas seen on the glass structure have WC
and CaWO; structures. Due to its high density during
firing, WC crystals are most probably embedded in the
glassy phase. CaWOy, which is formed during oxidation,
may slow the oxidation of WC and allow the additive
to remain in a high hardness carbide form (Fig. 8-c).
WC oxidized during firing increases the number and
volume of closed porosity in the structure with the CO
and CO, gases it generates. Closed porosities increase
due to oxidation with an increasing WC amount. Due
to the low mechanical strength of the porosity, abrasion
causes high weight losses from the surface. As a result
of the constant firing parameters, SiO, may absorb the
temperature and the energy required to oxidize the WC
and causes more WC to remain in the structure. It can be
observed that crack nucleation decreases in the surface
images after the PEI test (Fig. 8-d). WC prevents crack
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Fig. 8. SEM images of the abraded surfaces of the a) W0QO, b) W0Q8, c) W8QO, d) W8Q8 after PEI abrasion test.

nucleation by resisting the abrasive mechanical effects.
The addition of high hardness spherical particles, such
as WC, to the matrix ensures that the stress caused
by mechanical abrasives is prevented without causing
fracture [18]. In addition, the WC accumulated on the
grain boundaries prevented the progress of the fracture
by acting as a secondary phase. The slowing of the
fractures had a decreasing effect on mass loss. With
the decrease in oxidation, CO and CO, gas formation
decreases. Therefore, pore formation is prevented and
causes the surface to remain more homogeneous. In
sample W4Q4, the high mechanical strengths of WC
grains improve abrasion resistance. However, the surface
remains rougher compared to W0Q4, which contains the
same amount of SiO,. With the addition rate increasing
to 8 wt.%, porosity increases. Accordingly mechanical
properties decrease.

Conclusions

The abrasion resistance effects of quartz (SiO,)
and wolfram carbide (WC) mill additives in enamel
compositions were studied. According to the PEI abrasion
test the standard sample weight lost was measured as
0.305 g. With 4 wt.% and 8 wt.% SiO, mill addition, an
increase of 9.83% and 49% in the abrasion resistance was
measured, respectively. WC addition of 4 wt.% (W4QO)

to the structure positively affected the abrasion resistance,
while the abrasion resistance decreased with the increase
of the WC additive amount to 8 wt.% (W8QO). The
abrasion resistance of the sample containing 4 wt.% WC
improved by 44.26% compared to the standard sample
(W0QO). However, the sample containing 8 wt.% WC
additive showed only 33.44% better abrasion resistance
compared to the standard sample.

The samples containing WC-Quartz combination
yielded the best results. The abrasion resistance of the
sample containing 4 wt.% WC and 4 wt.% 0 Quartz
(W4Q4) additive increased by 35.4%. The increase in
abrasion resistance was measured as 51.8% in W8Q8
sample containing 8 wt.% WC and 8 wt.% Quartz.
SiO, addition has increased the abrasion resistance
of the coatings by reducing the thermal stress and
preventing crack nucleation. This structure increased the
compatibility of the hard particle within the structure. In
the case of WC addition into the enamel composition, it
was seen that WC oxidizes during firing to form wolfram
oxide (WO;). Subsequently, WO; combines with calcium
oxide (CaO) from the frit to form a scheelite (CaWO4)
compound. The CaWO, phase served as a intermediate
phase between the WC and the enamel glass phase.

It was demonstrated that the porosity of the enamel was
related to the WC that oxidizes during firing to produce
carbon monoxide (CO) and carbon dioxide (CO,) gases.
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With an increasing WC rate, oxidation increased and

the

porosity formation in the structure increased; hence,

mechanical properties decreased. The non-oxidized WC
crystals resisted abrasives and prevented crack nucleation
in the glass-ceramic structure. Quartz addition slowed the
oxidation of the WC, showing its refractory properties.
It also increased the incorporation of the WC with the
matrix due to network former properties.
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