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Abstract

This study aimed to compare the time-related corrosive resistance in different corro-

sive solution environments after sintering of zirconia with different crystal structures.

The zirconia samples were produced in pellet form as 12.7 × 3 mm. To determine the

time-related corrosion resistance of the sintered samples in sodium carbonate

(Na2CO3), sodium chloride (NaCl), and citric acid (C6H8O7) solutions, the weights

were measured at baseline then on the first and fifth days and the microhardness

values were calculated. For the evaluation of surface appearance, images were

obtained with a scanning electron microscope. The baseline microhardness values of

the groups with 3 and 10 mol% yttria-stabilized zirconia samples were found to be

1,064 VHN and 1,079 VHN, respectively. The microhardness values of the groups

with 3 mol% yttria-stabilized zirconia samples immersed in Na2CO3 1d (1,010 VHN)

and 5d (1,060 VHN), and NaCl (1d (1,010 VHN) and 5d (1,055 VHN) were found to

be affected more. The microhardness values of the sample group (1,064 VHN) with

10 mol% yttria doped zirconia which was left for 5 days in citric acid were found to

be lower than the sample group (1,120 VHN) with 3 mol% yttria added. C6H8O7 was

seen to have a greater corrosive effect with increased yttria content and the micro-

hardness value decreased. With longer duration of the samples of all the groups in

C6H8O7, NaCl, and Na2CO3 solutions, the surface characteristics of the samples were

affected negatively. With prolonged immersion in the corrosive solutions, the resis-

tance to the corrosion causing the changes in the surface topography of the samples

was seen to decrease.
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1 | INTRODUCTION

Zirconia has three main crystals, namely monoclinic, tetragonal, and

cubic. At room temperature, zirconia is in the monoclinic phase, and at

temperatures >1,170�C, it transforms to the tetragonal phase. This

phase change causes a reduction in volume of approximately 5%. In

the tetragonal phase, stable zirconia acquires a cubic crystal structure

at temperatures higher than 2,370�C. However, during cooling of zir-

conia, the T-M phase change causes an increase in volume of

approximately 3–4% (Gautam, Joyner, Gautam, Rao, & Vajtai, 2016).

To stabilize zirconia in the tetragonal phase at room temperature, sta-

bilizing oxides such as CaO, MgO, CeO2, and Y2O3 are added in small

amounts. Thus by preventing uncontrolled phase change, the material

is obtained which is semistable at room temperature and this is known

as partially stabilized zirconia (Gautam et al., 2016; Golieskardi, Sat-

gunam, & Ragurajan, 2017; Kelly, 2004). Another factor to be effec-

tive in the phase change mechanism of the material is the amount of

stabilizing oxide in the content. The addition of Y2O3 more than 8 mol
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% to pure zirconia, prevents phase change and completely stabilizes

the material to cubic in room temperature. The amount of Y2O3 added

is important to provide the transformation hardening/toughnening

mechanism which strengthens the material by preventing the progres-

sion of a crack occurring in a ceramic structure which is known as

crack tip blunting and crack deflection (Gautam et al., 2016; Yilmaz,

Aydin, & Gul, 2007).

Since the dental materials are exposed to various chemicals in the

mouth, high resistance to corrosion is important (Corne, De March,

Cleymand, & Geringer, 2019). Corrosion occurring with the electrical

effect of a material is related to the electrode oxidation potential of

that material, in other words, the minimum energy required for elec-

trons to be broken from the material. However, higher the electrode

oxidation potential of the material, the greater the resistance of the

material to corrosion. Resistance to corrosion of a material is referred

to as inertness, which is one of the most important properties of bio-

materials. Corrosion creates serious problems of both deterioration of

the prosthesis and the release of potentially toxic or allergic particles

from the prosthesis (Lodi et al., 2018; Ozer, Soygun, & Bolayir, 2018;

Winston Revie, 2000).

Fluctuations in pH, therefore in the chemistry of the solution,

together with wear and mechanical loading make survival in the

intraoral environment difficult. Liquid (aqueous) environments acceler-

ate the progression of cracks in ceramic material (Guo et al., 2014;

Guo et al., 2017). In addition to reduced mechanical resistance

because of corrosion, the surface smoothness is impaired, plaque

accumulates in productive areas, antagonist surface wear potentially

increases, and aesthetics deteriorate. In addition, when the chemical

stability of ceramics is impaired, there is an increased tendency for

the release of inorganic ions (Guo et al., 2014; Moazzami et al., 2016).

The null hypothesis to be tested was that there was no difference

between the corrosive resistance of zirconia ceramics with different

polycrystalline structures.

2 | MATERIALS AND METHODS

2.1 | Preparation of the zirconia samples

With the addition of 3 and 10% Y2O3 to change the crystal structure

by stabilizing zirconia, the obtaining of the tetragonal and/or cubic

phase from the monoclinic phase of ZrO2 was determined with XRD

analysis (Figure 1).

To produce tetragonal and cubic zirconia, yttria was added at

an amount of 3 mol% and 10 mol% to ytrria and zirconia powder

5–10 μm in size (Nanografi, Ankara, Turkey), and ground in a mill

(MSETek, Kocaeli, Turkey), by mixing with 96% ethanol. As the

milling medium, zirconia beads/powders were used in a ratio of

10:1 with 50 wt% of 5 mm and 50 wt% of 3 mm. Powder was

eventually obtained by calcinating the milled and mixed powders

at 1,000�C for 2 hr. The temperature of 1,000�C was reached by

heating at 2�C/min and after a holding time of 2 hr, cooling was

applied at 10�C/min.

The powders produced were compressed uniaxially, then

compacted by cold isostatic compression. The zirconia samples were

produced in the form of pellets with a 10-ton hydraulic press

12.7 mm in diameter and 3 mm thick.

2.2 | Preparation of the solutions

Sodium carbonate (Na2CO3), sodium chloride (NaCl), and citric acid

(C6H8O7) powders were purchased (Sigma-Aldrich, St. Louis, MO) to

be used for the preparation of the solutions. Immersion solutions

were prepared according to molecule weights to be in the form of

1 M. After the preparation of stock solutions of 1 L each, daily solu-

tion refreshing procedures were applied. A 1-day and 5-day static

immersion system was applied for all the samples. The solutions were

kept in 100 ml closed beakers at 25 ± 2�C. Clear solutions were

obtained to be stable in a still environment. By replenishing the solu-

tions, stock solutions were kept fresh without any potentially

undissolved residue. To be able to provide the mechanical stability

and/or chemical reaction stability on the surfaces of the zirconia sam-

ples and to avoid nucleation or accumulation in the beakers, the sam-

ples were suspended vertically.

The solutions were used to simulate the oral environment in soda

or mineral water, Na2CO3 is in the dissolved state, and precipitation

produces Na2CO3 crystals. Sometimes the precipitation may occur as

sodium bi-carbonate in the presence of OH. NaCl was used in this

study to represent salty food/drink consumption such as turnips and,

lentil soup. C6H8O7 was used to represent citrus fruits, especially

lemons, oranges, and grapefruit, and precipitates as thick film of

C6H8O7 on the teeth.

2.3 | Weight loss measurement test

In the examination of the corrosive properties of the samples of all

groups in the study, the weight of the samples at baseline was

F IGURE 1 XRD patterns after calcination of the zirconia powders

stabilized with yttria

2 SOYGUN ET AL.



measured using precision scales (Shimadzu AX120, Shimadzu Co.,

Ltd., Kyota, Japan) with 0.001 g. sensitivity. After exposure to the

solutions, prepared at different pHs for 1 and 5 days, the samples

were weighed again using the same scales.

2.4 | Microhardness test

Surface microhardness measurements of the samples of each sample

group were made using a microhardness device (Buehler MMT-3 digi-

tal microhardness tester, Lake Bluff, IL). The surface microhardness

values of the samples measured by applying a 500 g load applied for

30 s at room temperature of 23 ± 1�C were recorded as Vickers hard-

ness units. For each sample, five measurements were taken not closer

than 1 mm to each other in the central region or not closer than 1 mm

to the edges. The mean of these measurements was accepted as a sin-

gle value for each sample.

2.5 | Scanning electron microscope and element
analysis

To evaluate the images of the surface topography, one sample was

chosen randomly from the groups and assumed as identical by

sintering in different crystal structures for scanning electron micro-

scope (SEM) analysis. First, to decrease the scattering and charging of

electron beam, the samples were coated with approximately 5 nm

gold for 120 s (QUORUM ES150R, UK). Surface topography was visu-

alized with SEM (TESCAN Mira3 XMU, Brno, Czechia). At the same

time, energy dispersive spectroscopy (EDS) element analysis was

applied (Oxford Inst., INCA x-act, UK) to determine. The amount of

elements in the region struck by the electron beam. As these were

determined in parallel, all elements were defined at the same time.

3 | RESULTS AND DISCUSSION

This study was designed to evaluate the corrosive resistance of zirco-

nia ceramics with different polycrystalline structures. The null hypoth-

esis to be tested was that there was no difference between the

corrosive resistance of zirconia ceramics with different polycrystalline

structures. The null hypothesis was supported by the findings of the

study.

To produce tetragonal and cubic stabilized zirconia, yttrium oxide

was selected, the addition of which at small amounts can provide

transformation of zirconia in the tetragonal and cubic system when

added as 3 mol% Y2O3 and 10 mol% Y2O3, respectively. The XRD

analysis patterns following the calcination of tetragonal and cubic zir-

conia are shown in Figure 1.

As seen in Figure 1, more than 95% partially stabilized tetragonal

zirconia was produced with a small amount of monoclinic zirconia

seen at 2-theta degrees of around 29� and 31� 2-theta. The formation

of tetragonal peaks was determined with peak separations seen at

35, 50, and 60� 2-theta due to c-axis formation in the tetragonal

structure. In contrast, the cubic zirconia was obtained fully stabilized

with the addition of 10 mol% Y2O3 with a fine primary crystallite size

of 33 ± 7 nm.

As can be seen in Figure 2, the rate of temperature rise was kept

very low to allow sufficient transformation and a high sintering den-

sity to be obtained. A rapid cooling rate was chosen to avoid cubic/

tetragonal to monoclinic transformation around 1,000�C and it was

aimed to avoid cracks or deformations in the samples by structural

expansion. Thus, an increase in the density of the structure was

obtained and there was no excessive (abnormal) grain growth.

Keeping the sintering cycle at 1,550�C in the oxide furnace,

sintering of the samples reached up to approximately 98% of relative

density, but because of the long periods in the heating and cooling

regime, some large and abnormal grains were seen in the structure

(Figure 3). Pores at the triangles of grains were seen to interfere with

the grain growth and the sudden growth of grains makes the pores

larger and the grains coarser. This leads to a reduction in relative den-

sity from 99.5 to 98%, known as dedensification. A reduction in corro-

sion resistance can be expected because of penetration of the

solution to the pores and chemical affinity of abnormal grains to the

corrosive media.

The EDS method, which can be defined as a chemical microanaly-

sis technique, can be applied using an SEM. In the EDS method, the

element content of the examined surface can be determined by ana-

lyzing X-rays reflected from the sample surface on which the electron

bundle is directed (Newbury & Ritchie, 2013). When the electron is

directed to the sample under the SEM, electrons that are scattered

from the atoms formed on the sample surface, and electrons coming

from higher energy shells fill these gaps and X-rays are released to

balance the energy difference between these two electrons. The

energy level of each X-ray varies according to the specific element

over which it is released. The amounts and energies of these beams

are measured with an EDS X-ray detector, and thus, qualitative and

semiquantitative determinations of elements in the sample content

can be obtained. In addition, by creating an element map of the exam-

ined surface, the rates and distribution of the elements in the surface

F IGURE 2 Temperature-heating time graph of the sintering
regime
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can be visually determined (Newbury & Ritchie, 2013; Soygun,

Soygun, & Dogan, 2020).

Surface photographs of tetragonal zirconia (3YSZ) samples that

have undergone corrosion in different environments for 1 and 5 days

can be seen in Figure 4. With immersion for 1 day, the grain bound-

aries on the surface of tetragonal zirconia were observed to have dis-

solved and although the particles of precipitates were thin, they had

started to accumulate around other large grains. These precipitates

are known as nuclei regions of the 1d immersion and can be thought

to indicate an increased possibility of larger crystals accumulating on

similar regions later. In the element analysis with EDX, there was seen

to be approximately 13 wt% carbon (4a) and this was thought to origi-

nate from the CH of C6H8O7. In Figure 4b), approximately 10 wt%

carbon can be seen, which may and also come from carbonate. In

Figure 4c, the presence of Na in (b) and (c) comes from cations of

NaCl and Na2CO3, and the presence of Cl in (c) from anion.

In the deposits of the 5 days immersions seen in Figure 4(d-e-f), it

can be seen that the crystals formed have grown in size and there are

positive weight difference of the accumulations. The majority of the

structure in the 5 days immersion in C6H8O7 is covered with acid

remnants and the presence of hydrocarbon residues originating from

CH of acid remnants formed as a thick film layer can be seen (d). As a

weight difference of 37% was found in the carbon elemental count,

this indicates the presence of CH coating the surface. The coating is

so effective that the structures of the surface grains are barely seen.

The small nuclei shown in (b) can be seen to have grown in (e) and

have attached to the surface by partially embedding and there can be

seen to be a tendency to progress inwards. In the element analysis,

Na-carbonate precipitation is seen by combining the increased C and

O with increased Na. Similarly in (f) with increased Na-Cl filling the

gaps between the grains of the structure, salt crystals have grown and

formed around salt nuclei.

It can be seen that the structure has formed with C6H8O7 as a

film coating and carbonated salt in the form of proliferation of the

nuclei and the gathering of chloride salt from the solution around the

nucleus.

One of the parameters determining the surface behavior of

ceramic materials which are located in a continuously wet environ-

ment in the mouth, is the “zeta potential.” Zeta potential (electric

potential on the surface) is the measurement of the attraction and

repulsion value between particles. When the zeta potential of glass

materials approaches zero, the hardness values increase, and when

surface energy increases positively, they become softer. As the oral

cavity is a wet environment, positive loads forming on the glass or

ceramic surface, reduce surface hardness with the passing of sodium

ions to the liquid environment (Chatzistavrou et al., 2014; Figueiredo-

Pina et al., 2016). Therefore, ceramics display different behaviors

depending on the interactions of the components forming the micro-

structures with the surroundings.

Surface photographs of cubic zirconia samples (10YSZ) that have

undergone corrosion in different environments for 1 and 5 days can

be seen in Figure 5. With immersion for 1 day, the dissolving of the

grain boundaries on the surface of cubic zirconia is seen together with

the start of aggregation of precipitate particles around the grains.

These deposits with 1 day immersion are known as nucleus regions

and an increased possibility of larger crystals accumulating here is also

expected later. Small scattered nuclei can be seen in the structure in

(b) and very small deposits of chlorides can be seen on Figure 5c. As

seen on Figure 5a–c, there was a huge difference in nucleation from

1 to 5 days of immersion and with increasing days, the accumulation

of C6H8O7 and other salts was attributed to CH, carbonate and chlo-

ride. In Figure 5b, precipitations can be seen, originating from

carbonate.

In the deposits of the 5 days immersions, it can be seen that the

crystals formed have grown in size and there are positive weight dif-

ference of the deposits. Almost the whole surface structure in the

5 days immersion in C6H8O7 is covered with a thick layer of acid car-

bonaceous remnant that indicates the presence of CH (Figure 5d).

The coating is so effective that the structures of the grains on the sur-

face cannot be seen. The small nuclei shown in (b) can be seen to have

grown in (e) and have attached partially penetrating into the surface.

In the element analysis, Na-carbonate precipitation is seen by

increased Na, C, and O. Similarly in (f) with increased Na-Cl and by fill-

ing the gaps between the grains of the structure, salt crystals have

grown and formed around salt nuclei.

The weight loss values of the sintered and densified samples at

the end of 1 and 5 days immersion are shown in Table 1. The

increased carbonate deposits on the fifth day with small deposits on

the first day led to loss. The weight loss concept is based on the disso-

lution of materials into aqueous solution but not accumulation and

embedding onto the surface. Therefore, the increase in weight should

F IGURE 3 Scanning electron microscope (SEM) image of zirconia
pellet sintered at 1,550�C
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be understood as accumulation on the surface while the main material

has dissolved into the solution but not to as great an extent as the

accumulation which has resulted in the weight increase. In contrast,

the deposits of chloride salt on the surface with increased immersion

time showed an increase in weight. This result can be interpreted as

the salts accumulating in the surface pores or roughness increases

inwards, and that they are attached to the zirconia surface by forming

a nuclei root. In addition, although it is necessary to remove all kinds

of deposit causing a weight increase from the surface with hot water

or continuous washing, salt and carbonate deposits may have again

settled on the surface during rinses from the surface and then dried

on the surface. Although there are similar conditions in C6H8O7

immersion, it is difficult to remove the film layer from the surface. The

increased weight loss at 5 days in particular is shown in 3YSZ, and this

was thought to be due to the Zr(OH)4 ionization because of the pres-

ence of both CH and OH, and removal from the pores and undergoing

corrosion.

The difference in hardness resulted from the solutions and the

immersion times are shown in Figure 6 and Table 2. On the first day,

nucleus deposits of the carbonate and chloride solutions could not be

measured but were thought to be almost close to pure materials. With

increasing durations, an increase was seen in hardness with deposits

entering between pores and grain boundaries especially for NaCl and

Na2CO3 deposition on the surface due to salt accumulation between

grains. On the yellow and orange graphs, the immersion time of

10YSZ is shown. As the deposit size in carbonate solution had

F IGURE 4 Scanning electron microscope (SEM)–BSE surface images and element count from EDX analysis of 3YSZ sintered samples at 1 day

in (a) C6H8O7, (b) Na2CO3, and (c) NaCl, and at 5 days in (d) C6H8O7, (e) Na2CO3, and (f) NaCl
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increased, although no decrease was seen to have formed from the

dissolved zirconia, there was a drastic deformation with hardness of

the films on the first and fifth days together with increasing C6H8O7

film coverage, and there was a reduction in hardness with the increas-

ing thickness and the time of immersion. It can therefore be

concluded that the more elastic organic structure of C6H8O7 leads to

deeper penetration of indentations, resulting in lower Vickers hard-

ness values.

4 | CONCLUSION

In this in vitro study of zirconia with different crystal structures,

the samples sintered using the traditional sintering method

followed by immersion for 1 and 5 days in C6H8O7, NaCl and

sodium bicarbonate solutions, and the weight loss values, micro-

hardness values, and SEM results of the sample groups are summa-

rized as follows:

• The zirconia powders were produced in tetragonal and cubic form

according to XRD as a stabilized form and pellets were pressed and

F IGURE 5 Scanning electron microscope (SEM)–BSE surface images and element count from EDX analysis of 10YSZ sintered samples at
1 day in (a) C6H8O7, (b) Na2CO3

0e, and (c) NaCl, and at 5 days in (d) C6H8O7, (e) Na2CO3
0e, and (f) NaCl

TABLE 1 Weight loss percentages (g) of the sample groups in the
different immersion solutions

3YSZ 10YSZ

1 day 5 days 1 day 5 days

Na2CO3 −0.77922 1.01010 0.72057 0.90012

NaCl 0.04357 −0.49801 −0.08196 −0.28513

C6H8O7 −0.34483 1.42857 −0.28420 −0.08928

Abbreviations: C6H8O7, citric acid; Na2CO3, sodium carbonate; NaCl,

sodium chloride.
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sintered to observe the effect of corrosive mediums on the

surfaces.

• The highest microhardness values were obtained from the cubic

phase zirconia samples since cubic zirconia has the highest hard-

ness of the crystal polymorphs of zirconia in pure form.

• The sample groups with different crystal structures obtained with

the traditional sintering method were affected by the corrosive

solutions used in the study.

• As the immersion times within the corrosive solutions increased,

the surface properties of the samples were drastically affected and

the accumulated surface layer of C6H8O7 resulted in an extensive

decrease in zirconia hardness. In the zirconia sample with accumu-

lated carbonate and chloride, hardness increased due to deposition

of those salts among the grains to reduce the pores.

• The SEM analysis showed that zirconia samples were sintered and

densified up to 98% of relative density. The surfaces were exam-

ined with SEM after immersion in different solutions for different

time periods and the solution precipitates were seen to have

grown on all the surfaces by either penetrating into the structure

or coating as a film.
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