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1 -Introduction

The continuous evolution of material science seeks not only
to understand the intrinsic properties of materials but also
to innovate on the processes that enhance these properties
for practical applications. With its unique incorporation of
transparency, chemical resistance, and aesthetic appeal,
Glassy materials are pivotal across various sectors,
including construction, automotive, and technology.
However, its susceptibility to mechanical failure under
stress or impact has propelled research into methods of
strengthening  it.  Traditional glass strengthening
techniques, such as thermal tempering and chemical
toughening, have been the cornerstone of industrial
practices for decades.

The advent of ion exchange processes marked a
significant advancement in glass-strengthening techniques.
This method involves replacing small sodium ions with
larger potassium ions from a molten salt bath. This process
results in the production of compressive stress on the glass
surface, which significantly enhances its mechanical
strength. However, the ion exchange process is naturally
limited by the slow kinetics of ion diffusion. External
electric fields can accelerate ion mobility, as reported by
literature studies.

The present study aims to bridge the gap in the literature
by systematically exploring the impact of electric field
intensity on the ion exchange process in soda-lime glass.
This research seeks to quantify the enhancements in
mechanical properties achieved through this novel
approach and to understand the underlying mechanisms at
play by examining the interplay between electric field
strength, treatment duration, and temperature. Furthermore,
it opens up new avenues for research into the applicability

of similar principles across other materials and processes,
potentially leading to wide-ranging implications for
material science and engineering.

2 -Materials and Methods

The focus of this study is on enhancing the strength of soda-
lime glasses by applying an electric field during the ion
exchange process. The composition of the glass substrates
used in the study is shown in Table 1. The following
sections provide a brief outline of the key phases involved
in this research.

Table 1. The composition of the soda-lime-silicate that was
used in this study.

SiO,
70.56

NaQO
14.54

CaO
8.93

MgO
341

K0
0.87

ALO; | trace
0.59 1.1

(Wt.%)

Preparation of Soda-Lime Glass Substrates
Standard soda-lime glass substrates were cleaned to ensure
a contaminant-free surface for ion exchange.

Molten Salt Bath Preparation

The molten salt bath of potassium nitrate (KNO[]) was
maintained at a steady temperature of 400°C and used as a
source of potassium ions in the ion exchange process.

Electric Field Application Setup

A specialized setup was created to apply an accurate
electric field (ranging from 0 to 3000 volts per centimeter)
in the molten salt bath by using electrodes made of inert
material. These electrodes were connected to a variable
power supply to enable controlled adjustments of the field
strength. Figure 1 depicts the schematic of the experimental
setup utilized in this study.
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Figure 1. Schematic of the experimental setup used in this

study

Treatment Process

Glass substrates were subjected to different conditions by
treating them with electric fields of varying strengths
ranging from 0 to 2000 volts per centimeter for durations
ranging from 0 to 240 minutes. The purpose of this
evaluation was to analyze the impact of these factors on the
mechanical strength and ion case depth.

Characterization techniques

Post-treatment, the glass's mechanical properties were
assessed using three-point bend tests for flexural strength
and Vickers tests for surface hardness. Energy Dispersive
X-ray Spectroscopy (EDX) analyses provided insights into
the potassium ion penetration depth and uniformity.

3 -Results and Discussion

The investigation into the application of an electric field
during the ion exchange process for strengthening soda-
lime silicate glasses yielded significant findings. This
section delves deeper into the outcomes, discussing the
enhanced mechanical properties, the role of electric field
intensity, treatment duration, and the observed ion case
depth.

Mechanical Property Enhancement

The study's pivotal finding was the remarkable
improvement in the mechanical properties of the treated
glass. Specifically, under an electric field of 2000 volts per
centimeter for 10 minutes at 400°C, the glass exhibited a
fourfold increase in strength compared to untreated
samples, as illustrated in Figure 2. The hardness also saw a
notable increase from 550 + 50 kg/mm? to 750 + 50
kgi/mm?. These enhancements are attributed to the more
efficient ion exchange facilitated by the electric field,
suggesting a direct correlation between field strength and
mechanical property improvement.

Impact of Electric Field Intensity and Treatment Duration

The results indicated a clear relationship between the
intensity of the applied electric field and the efficacy of the
ion exchange process. Electric fields at or above 2000 V/em
significantly accelerated ion exchange, as evidenced by the
increased mechanical strength and hardness. Figure 3
displays the concentration profiles of potassium at different
electric field intensities. Furthermore, treatment durations
longer than 10 minutes did not proportionally increase the
mechanical properties, suggesting an optimal ion exchange
rate within this timeframe. This observation underscores

the importance of balancing electric field intensity and
treatment duration to maximize the strengthening effect
without undue energy expenditure or potential damage to
the glass structure.
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Figure 2. The graph represents the bending strength of
various samples over time, with time=0 indicating the raw
sample.
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Figure 3. Potassium concentration profiles for various
electric field intensities.

Case Depth and Uniformity

Energy Dispersive X-ray Spectroscopy (EDX) analyses
have shown that the application of an electric field results
in a substantial increase in the depth of potassium ions'
diffusion into the glass matrix. This increase in ion
penetration is more uniform across the treated surfaces,
leading to an overall enhancement of the glass's mechanical
strength. This uniformity is critical in ensuring the
consistent performance of the strengthened glass across its
entire surface, underscoring the electric field's efficacy in
improving the ion exchange process.

Discussion of Findings

The observed enhancements in glass strength and
hardness can be attributed to the accelerated diffusion of
potassium ions induced by the electric field. This
acceleration likely results from the electric field lowering
the activation energy for ion exchange, facilitating a more
efficient substitution of sodium ions with potassium ions.
The improved ion penetration depth and uniformity further
contribute to the glass's enhanced mechanical properties,
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suggesting that the electric field influences not only the rate
of ion exchange but also the spatial distribution of the
exchanged ions within the glass matrix.

These findings have profound implications for the field
of glass manufacturing, offering a viable method for
significantly enhancing the mechanical properties of soda-
lime glass through a relatively simple modification to the
existing ion exchange process. The ability to tailor the
strength and hardness of glass by adjusting electric field
parameters opens new avenues for the development of glass
with customized properties for specific applications, from
safer automotive glass to more durable architectural glass.

The results and discussions presented in this study
elucidate the potential of electric fields in revolutionizing
glass strengthening techniques, paving the way for further
research into optimizing this process and exploring its
applicability to other types of glass and potentially other
materials.

4 -Conclusion and Future Directions

The incorporation of an electric field into the ion exchange
process is a significant advancement in the field of glass
strengthening. This method has the potential to greatly
speed up the ion exchange process, resulting in improved
mechanical properties of soda-lime glasses. These findings
establish an improvement in glass-strengthening
technologies and pave the way for broader applications of
this technique in different types of glass and various
industrial fields.

In future research, the focus will be on investigating the
underlying mechanisms that facilitate improved ion
diffusion in the presence of an electric field, exploring the
scalability of this approach for widespread industrial use,
and assessing its applicability and benefits across a wider
range of glass compositions.

Ultimately, this technique has the potential to
revolutionize glass manufacturing, leading to the
development of stronger, more durable glass materials for
advanced technological, architectural, and safety
applications.
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Strengthening of Soda-Lime-Silicate Glasses Using Field-assisted Ion Exchange Method
Omid Banapour Ghaffari ~ Amirreza Fadaei Pourya lotfipour Bijan Eftekhari Yekta

Abstract The strength of glasses increases during an ion exchange experiment because of the significant surface
compression that arises from the replacement of larger alkali ions into the smaller host alkali ion site. The application of
an external energy source, such as an electric field, has the potential to enhance the efficiency of the ion exchange process.
This study examines the enhancement of the mechanical strength of soda-lime glasses through the utilization of the
electric field-assisted ion exchange technique. The objective of this study was to examine the effects of temperature, time,
and electric field on enhancing the strength of the raw glasses. The sample exhibits the greatest strength and highest
hardness number when subjected to a temperature of 400 °C and an electric field intensity of 2000 V/cm for a duration
of 10 minutes. The results indicate that the samples exhibited a strength that exceeded four times the initial strength of
the raw sample. Additionally, there was an observed increase in the hardness of the samples, with values ranging from
550450 kggmm? to 750450 kgg/mm?. Furthermore, it has been observed that the case depth has attained a magnitude of
11 pm in specimens subjected to an electric field strength of 2000 V/cm for a mere duration of 10 minutes while being
maintained at a temperature of 400 °C. Notably, in the absence of an electric field, the chemically tempered samples
exhibit a depth of 3 micrometers at temperature settings of 400 °C for a duration of 240 minutes.

Key Words: Strengthening of glass, Electric field-assisted ion exchange, Mechanical properties, Calculation of
compressive stress.
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