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Abstract
The paper presents a new and original method of modifying the surface layer of silicate glass by applying a coating

produced from zirconium oxide–yttria-stabilized powder using the LPPS plasma method (low-pressure plasma spraying).

This is a new approach and not found in both scientific literature and known technological solutions. The results of the

work indicate that it is possible to produce the coatings of yttrium-stabilized zirconium oxide (YSZ) on the glass substrate.

These coatings were made using the LPPS PS-PVD method and consist of fine YSZ crystals with spheroidal morphology.

This gradient coating (FGM) has a thickness controlled from LPPS of several dozen to hundreds of nanometers. It

effectively modifies the properties of the glass by introducing favorable stresses on the surface and therefore increases its

hardness and tensile strength. At the same time, thermal properties of the glass were determined, which allowed to

determine the temperature of heating the glass substrate necessary for the proper implementation of the oxide coating

production process on this substrate by the LPPS method. The glass parameters achieved in the work are very promising

and comparable with the characteristics of the best glasses currently used in optoelectronics, especially in the displays of

mobile phones and solar cells.

Keywords Thermal analysis � Silicate glass � LPPS PS-PVD method � Yttria-stabilized zirconia coating � SEM

microstructural examinations

Introduction

Mechanical properties of glasses determine their develop-

ment and use. However, they often limit their performance.

Particular properties are concerned, that depend on phase

composition and structure of the surface coating. Hence,

improvement in glass properties, especially durability, is

currently achieved by modification of its surface or con-

stitution of a new coating on the glass substrate, among

others, by forming a thin oxide coating by surface engi-

neering methods. Analysis of literature data indicates the

ability to increase glass strength properties by forming of

polycrystalline tetragonal t-ZrO2 coating on its surface

[1, 2]. Zirconia can occur in several polymorphic forms,

which are characterized by a monoclinic, regular and

tetragonal structure, which affects its various mechanical or

thermal properties. In addition, ZrO2 oxide in the tetrago-

nal structure (t phase) can be stabilized with other oxides

(e.g., MgO, CaO, Ce2O3 and Y2O3) up to the

metastable phase t0, which increases its useful properties,

and then its thermal stability increases significantly. Sta-

bilization of zirconia with yttrium oxide gives the best

results, because it is the least sensitive to the effects of

temperature changes and the accompanying unfavorable

phase transitions. Data analysis shows that the ZrO2 coat-

ing can be prepared on the glass surface by various

methods including sol–gel and chemical vapor deposition

(CVD) [2–6]. At the same time, recent years brought rapid

development of methods for thermal spraying. One of them

is physical vapor deposition with plasma evaporation under

reduced pressure (50–200 Pa)—LPPS (low-pressure

plasma spraying). In the various researches, new conditions

were developed for coatings application both on metallic

and non-metallic substrates. For example, increasing length

of the plasma beam and use of powder of micro- and

nanometric size and their proper morphology allow man-

ufacturing of homogeneous coating of uniform thickness
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over a large area. Therefore, the assumption was adopted

that application of stabilized ZrO2 9 nY2O3 oxide of

micro- and nanometric particle size in the process of

physical vapor deposition under reduced pressure and

elevated temperature allows formation of stable and

strengthened surface coating on the glass substrate. It was

assumed that the produced coating will provide enhanced

effect of strengthening of soda–calcium–silicate glass

[7–11]. At the same time, an attempt was made to develop

comprehensive selection criteria for both coating materials

and process conditions for plasma spraying under reduced

pressure to produce a strengthened and uniform coating

that consisted of ZrO2 9 nY2O3 oxide in the industrial

soda–calcium–silicate glass substrate. The research

described thermal properties [12–15].

Experimental

The work described selection of criteria for proper execu-

tion of the ZrO2 manufacturing process on glass, which

meets established physical, chemical and functional

assumptions. It was found that proper selection of process

conditions is crucial for plasma spraying of uniform oxide

coating of predetermined thickness with projected proper-

ties. Conditions for the process, as pressure in the working

chamber—150 Pa and the distance between the plasma

torch and the substrate—1300 mm, were established in the

research methodology.

The test samples were made of commercial soda–cal-

cium–silicate glass. Prior to the PS-PVD process, the

samples were cleaned in isopropyl alcohol in an ultrasonic

cleaner for 15 min. The glass samples were then placed in

a pre-chamber in which a vacuum was created to a value of

150 Pa. After reaching the required pressure (150 Pa) in

both chambers, the samples were transported from the pre-

chamber to the working chamber, in which the process of

sample pre-heating was carried out by the plasma beam

which was formed with current of 1200 A and argon flow

of 160 dm3 min-1 at 150 Pa. For ensuring stabilization of

forming coating, the torch performed swinging movement

with 1 Hz frequency, and a substrate was rotating at

10 rpm. During the deposition, commercial Metco 6700

ceramic powder ZrO2 9 (7.5 mass%) Y2O3 was let into

the helium–argon plasma beam. It has been determined that

for obtaining stable plasma, the minimum flow rate of

helium should be on the level of 60 dm3 min-1 and of

argon on the level of 35 dm3 min-1, while the electrical

current should be on the level of 1600 A. Total evaporation

of powder was achieved by its flow rate of 1 dm3 min-1.

The article specifies the thermal conductivity, thermal

diffusivity and specific heat of both glass as well as the

deposited coatings. They were the main criteria for

selection of the conditions for the production of coatings on

the glass and are necessary for the development of physical

models and numerical simulation of thermal processes.

Thermal diffusivity of glass was determined by pulsed

laser method with unidirectional heat transfer of the laser

beam. The laser radiation energy of the laser beam is

absorbed on the surface of the sample substrate and vio-

lates the thermal equilibrium state.

The resulting non-equilibrium state stabilizes after a

certain time and is then a surface source of heat. At the

same time, a temperature gradient is created on the thick-

ness of the sample—glass. This gradient causes the heat to

flow toward the lower-temperature surface. The InSb

infrared sensor was used to measure the value of this

temperature as a function of time. At the same time, the

adopted adiabatic measurement conditions also allow

determining the thermal diffusivity of the tested material

based on the dependence [16]:

a ¼ 0:1388 � d
2

t0:5
½mm2 s�1� ð1Þ

The thermal diffusivity of the glass was determined

using the Netzsch LFA 427 device for the adopted mea-

surement conditions (Table 1).

The specific heat of the materials used in the tests was

determined by the Cp-DSC differential scanning

calorimetry method. The difference in heat fluxes between

the tested glass samples and the reference material was

determined. In the measurements of specific heat of glass,

the DSC curve of the sapphire was used as a comparative.

The specific heat value of these materials was determined

in accordance with ASTM E1269 and DIN 51007 for the

adopted measurement conditions (Table 2). The measure-

ments were carried out using the Netzsch Saturn F3 Jupiter

differential calorimeter.

The values of thermal coefficient of linear expansion of

the tested materials in the temperature range from 25 to

800 �C were determined in dilatometric examinations

carried out in helium atmosphere using the DIL 402

Table 1 Conditions for measuring the thermal diffusivity of glass

Conditions of measurement Glass

Reference temperature/�C 25

Conductive coating Graphit 33

Sample thickness/mm 2.11

Sample diameter/mm 12.54

Infrared sensor InSb

Protective gas Ar

Flow rate Ar/cm3 min-1 100

Heating rate/�C min-1 5
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dilatometer from the Netzsch company. Round samples

with diameter of 6 mm and length of 25 mm were used,

and their heating and cooling rate was 5 K min-1.

Obtained results of dilatometer tests were at the same

time the basis for determining the density of glass. It was

assumed that soda–calcium–silicate glass is isotropic—

there are no differences in the thermal coefficient of linear

expansion depending on the direction of measurement. The

density of the glass at 25 �C was also determined using the

AccuPyc 1330 pycnometer from Micromeritics. The

helium atmosphere was used. Obtained results of the

thermal diffusivity, specific heat and glass density tests

were the basis for determining its thermal conductivity in

accordance with equation [16]:

k Tð Þ ¼ a Tð Þ � cp Tð Þ � q Tð Þ; W m�1 K�1
� �

ð2Þ

Microstructural examination of the YSZ-coated glass

samples was carried out using scanning electron micro-

scope Hitachi S3400N equipped with the Thermo Scien-

tificTM UltraDry EDS Detector and Thermo ScientificTM

NORANTM System 7 for chemical composition micro-

analysis by use of an energy-dispersive X-ray spectroscopy

(EDX) technique. Microstructural observations were per-

formed to evaluate the changes in the glass surface mor-

phology after the LPPS process of ZrO2�Y2O3 coating

deposition.

Results

Verification of adopted hypothesis and setting the correct

thermal spraying conditions led to the stabilization of the

process parameters. Thermal properties were measured:

specific heat, thermal diffusivity and thermal conductivity.

In the study, glass density was also determined as a func-

tion of temperature in the range 25 to 700 �C. It was found

that relative change in the density of glass is approx. 1.6%

for temperature range from 25 to 700 �C.

Coefficient of linear thermal expansion and thermal

expansion of analyzed glasses types were determined for

heating rate of 5 K min-1 from temperature varying in the

range of 25 to 700 �C (Figs. 1, 2). It has been found that

the values of linear thermal expansion coefficient for ana-

lyzed glasses are different: for basic glass at 25 �C it is

approximately 8.4 9 10-6 K-1 and increases to

9.62 9 10-6 K-1 at 550 �C, whereas for YSZ-coated glass

at 25 �C it is approximately 5.14 9 10-6 K-1 and

increases to 6.07 9 10-6 K-1 at 585 �C (Fig. 1). For each

of the analyzed samples, both basic glass as well as coated

glass above the temperature of transition Tg, the value of

linear thermal expansion coefficient increases. The soft-

ening point is, respectively, 10.5 9 10-6 K-1 at 585 �C
for basic glass and 7.45 9 10-6 K-1 at 658 �C for coated

glass.

The values of thermal expansion show that differences

in elongation during heating between basic glass and glass

with YSZ coating occur (Fig. 2). Moreover, temperatures

of transition Tg and softening Td were determined for tested

glasses. For a glass without coating, the Tg and Td tem-

peratures are, respectively, 549 and 585 �C. For a glass

with YSZ coating, the Tg and Td temperatures are,

respectively, 585 and 658 �C. Specific heat values were

determined for basic glass and glass with YSZ coating on

one side in room temperature (Fig. 3). For basic glass it is

approximately 0.8 ± 0.04 J g-1 K-1 while for YSZ coated

glass it is 0.7 ± 0.04 J g-1 K-1. These values increase

with the temperature. At the 500 and 600 �C, it is

approximately 1.05 and 1.3 ± 0.04 J g-1 K-1 for basic

glass and approximately 0.96 ± 0.04 J g-1 K-1 and

1.2 ± 0.04 J g-1 K-1 for YSZ coated glass (Fig. 3).

Thermal diffusivity and conductivity of glass also take

similar values at room temperature. It is approximately

0.445 ± 0.01 mm2 s-1 (Fig. 4) and 1.07 ± 0.01 W m-1 K-1

(Fig. 5) for basic glass and approximately 0.420 ±

0.01 mm2 s-1 (Fig. 4) and 0.949 ± 0.01 W m-1 K-1

(Fig. 5) for glass with YSZ coating on one side. Thermal
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Fig. 1 Coefficient of linear thermal expansion in the temperature

range 25 to 700 �C

Table 2 Conditions for measuring the specific heat of glass

Conditions of measurement Glass

Reference temperature,/�C 25

Sapphire weight/mg 20

Sample weight/mg 22

Protective gas Ar

Flow rate Ar/cm3 min-1 50

Heating rate/�C min-1 10
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diffusivity decreases with increase in temperature in the range

from 200 to 500 �C and takes a value of approximately

0.445 ± 0.01 mm2 s-1 for basic glass and approximately

0.440 ± 0.01 mm2 s-1 (Fig. 4) for glass with YSZ coating on

one side. After glass transition, values of thermal diffusivity

for both glasses are approximately 0.370 ± 0.01 mm2 s-1;

for 700 �C, it is 0.282 ± 0.01 mm2 s-1 (Fig. 4). However,

thermal conductivity increases after glass transition for both

glasses, respectively, to 1.25 ± 0.01 for basic uncoated

glass and 1.01 ± 0.01 W m-1 K-1 for YSZ coated glass

(Fig. 5).

Obtained results show changes in thermal properties of

investigated glass samples according to increase in tem-

perature. The change in thermal diffusivity and specific

heat for both glasses change gradually to the transforma-

tion and softening temperature. Analysis of thermal prop-

erties allowed determining the glass heating temperature

(720 �C) necessary for proper implementation of oxide
forming process by plasma spraying under reduced

pressure.

The results of SEM microscopic investigations of YSZ

coatings produced by the LPPS PS-PVD method on a

soda–calcium–silicate glass substrate indicate an even

growth of these coatings and their compact structure. Few

areas of the YSZ coating are visible with defects in the

form of microcracks, voids, or unmelted YSZ powder

particles. In Fig. 6c–d, both micro-areas of produced YSZ

coating and few micro-areas with cavities and also

microcracks are visible. During the microscopic (SEM)

examinations of these coatings, it was found that the mean

value of their thickness is of about 1.25 lm (Fig. 6a). It

was also observed that the YSZ coating consists of very

small individual columns, similar to the thick YSZ

columnar coating formed in the PS-PVD process for

commercial Thermal Barrier Coatings producing for The

Aerospace Industry. With this difference, the growth rate
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of each coating is different for each of these processes;

their densities are completely different as well as their

intercolumnar porosity is different [17–19]. The scanning

electron micrograph taken in backscattered electrons mode

(SEM-BSE) shown in Fig. 6c–d reveals the spherical

morphology of the tops of individual crystallites from

which the coating is built up. At the same time, there are

few single microcracks that do not form a microcracks

network. There are also very few individual YSZ particles

that have not been solidified, but have probably been semi-

melted and also semi-solidified and have not been able to

evaporate into the vapor phase. These particles were

characterized by spherical morphology and a diameter of

about 200 nm to about 670 nm; their average diameter was

about 450–500 nm. It was also found that irregularly dis-

tributed single cavities are present, which occur most often

at the interface of several microcracks. It should be

emphasized that the coating adheres well to the glass sur-

face, and there are no gaps between the coating and the

glass surface. No delamination and visible coating imper-

fections were observed. The coating evenly covered the

entire surface of the glass onto which it was applied.

Conclusions

On the basis of the results obtained from the performed

research, it was found that it is possible to produce YSZ

coating on SLS (soda–calcium–silicate/soda–lime–silicate)

glass during LPPS PS-PVD process in strictly industrial

conditions. At the same time, the required thermal prop-

erties of the glass are maintained.

At the same time, based on the analysis of thermal

properties, conditions for the production of such coatings

on the SLS glass substrate were developed, and also pro-

cess temperature and the effect of the YSZ coating pro-

duced on the glass substrate on the thermal properties of

this material combination were examined. It has been

found that the presence of the YSZ coating on the glass

substrate reduces its thermal diffusivity, thermal conduc-

tivity and specific heat, while the thermal expansion

decreases, including the value of the thermal linear

expansion coefficient.

The results achieved at work are very promising and

comparable with the characteristics of the best glass cur-

rently used in optoelectronics, especially in the displays of

cell phones and solar cells. At the same time, the method

seems cheaper and more effective for use on an industrial

scale. It is also very developmental. At the same time,

research results obtained in previous works indicate that

formation of a new surface coating consisting of ZrO2-

Y2O3 crystallites effectively modifies the properties of the

glass by introducing favorable stresses on the surface and

therefore increases its hardness and tensile strength

[1, 2, 7, 8].
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phology and optical properties of refined glasses with inorganic

nano-molecules. High Temp Mater Process (London).

2015;34(3):257–61.
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