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ABSTRACT This article explores the key technological stages of automotive glass production, their interconnections, and their
impact on product quality. The study examines processes such as float glass production, bending, laminating, autoclaving, and final
assembly and packaging. Special attention is paid to identifying the main factors influencing defect formation at different stages and
methods for their elimination. The importance of float glass quality as the primary material is emphasized. Early-stage defects can
propagate through subsequent processes, making initial quality control crucial. The bending process is identified as one of the most
complex stages. Factors such as the condition of molding tools, temperature regimes, and the proper grouping of glass in furnace
wagons are critical to achieving precise windshield geometry. Temperature monitoring using pyrometers is recommended to ensure
accuracy, while improper adjustments to regimes may negatively impact other glass already in the furnace. Laminating and
autoclaving are analyzed as essential stages for defining mechanical and aesthetic properties. The interaction between preceding
processes and PVB film quality is critical, as misalignment of inner and outer glass layers during manual PVB film application can
lead to microvoids and cracks during autoclaving. The final assembly and packaging stage is presented as the ultimate checkpoint
for quality control. Comprehensive inspections and robust packaging practices ensure that products meet standards and reach
clientsin optimal condition. This study highlights the interdependence of all production stages and advocates a systemic approach to
quality management. It offers practical recommendations for minimizing defects, optimizing processes, and enhancing efficiency,
making it valuable for professionalsin the glass manufacturing industry.
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AHOTALIA Cmammsa npuceéauena OOCNIONCEHHIO KAOUOBUX MEXHONOIYHUX emanié SUpoOHUYMEd aemomodinbHO20 cKad, iX
63A€MO038 13Ky Ma 8NAUGY HA KiHYedy AKicmb npooykyii. Po3znanymo ocHOGHI npoyecu, SKIIOUAIOHU BUCOMOBNEHH: proam-cKid,
MONIPY6AHHS, MPUNLEKCYBAHHS, ABMOKIABYBANHS, A MAKOJC (PiHanbHi emanu Komniekmayii ma naxysauus. Ocobaugy ysazy
npudineno i0eHmugiKayii OCHOBHUX (Pakmopis, wo GNIUEAIOMb HA YMEOPEHHs OeqheKmis Ha pPIiZHUX Cmadisax eUpoOHUYmMea, ma
Memodam ixnvozo ycynenns. Ha nouamkosux emanax axyenm 3poOieHo HA KpUMUYHILL poai AKOCMI (hroam-ckia sIK OCHO8HO2O0
mamepiany. Eman monipyeanns onucano Ax 0Oun i3 HAUCKIAOHIWUX Yy mexHonoziyHomy nanyio2y. Okpecneno ¢haxmopu, ujo
BU3HAUAIOMb AKICMb 2eoMempii 10606020 CKia, GKIOYAIOUU CMAH POPMYBANLHO20 THCIMPYMEHMY, Napamempu memnepamypHo2o
pedcumy ma npasuibHiCmb 2pynyeanHs ckia y eazonemkax. Posensamymo memoou KOHMpoOno memnepamypu 3a OO0NOMO2010
nipomempis, a maxodic pusuKu, nNo8’a3ami 3 HeKOPeKMHUM KOPULYBAHHAM pedcumie y npoyeci monripysannsa. Ocobruse micye y
cmammi npudineHo MpUnIeKCy8anHo ma Aa8MOKIABYEAHHIO AK KPUMUYHUM emanam, wo opmyloms Mexaumiumi ma ecmemudi
enacmugocmi ckia. Buceimneno eajicnugicms 63aemo0ii Midic nonepeoHimu npoyecamu ma mpunieKCy8aHHsAM, d MAKOIC GNIUS
saxocmi [IBB-nniexu na adeesito ma 6izyanvHi xapakmepucmuku. ORUCAHO PU3UKU, NOG SI3AHI 3i 3MIWEHHAM GHYMPIWHLO2O M
306HIUHBLO2O CKNA NI0 YAC YKIAOAHHA NAIBKU, WO MOJCe NPU3eo0umu 00 YMEOPeHHs MiKponycmom i mpiwun y npoyeci
aemoKnagyeants abo nooarbwioi excniyamayii. 3axknounuli eman Komniekmayii ma naKy8amHs ONUCAHO AK  (DIHANbHUL
KOHMPONbHULL NYHKM AKocmi, Oe 30IilCHIOEMbCA nepesipka NpooyKyii Ha 6i0nogioHicms cmanoapmam ma nid2omogka 00
mpauchopmyeants. Haeonoweno Ha eadxciusocmi pobomu 6i00iny KOHMPONO AKOCMI HA YboMmy emani Ons 3anobieanHs
8I06AHMAIICEHHIO HEKOHOUYIiHOI npodykyii. I[liokpecieno 63aemosanedcHicms ycix cmaodill eupoOHuymea ma HeoOXiOHicmb
cucmemHo20 nioxoo0y 00 YNpagiinHa Akicmio. 3anponoHosano memoou ycynenns oegexmie i onmumizayii npoyecis, wo 003601510mb
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Introduction

Float glass is a versatile material widely utilized
across various industries, including architecture,
construction, design, and the automotive sector [1,2].
While each application presents its own complexities, the
automotive sector stands out as particularly challenging
due to the multitude of influencing factors. These factors
arise from the diversity of technological processes and
materials employed at different stages of production [3].

Initially, the technological chain for automotive
glass production was relatively straightforward, relying
primarily on basic annealed or tempered glass [4].
However, since the 1950s, additional processes such as
lamination (triplexing), silk screen printing, the
application of electrically conductive heating lines using
specialized pastes, and other advanced techniques have
been incorporated into production workflows [5,6].
Concurrently, the requirements for automotive
windshields have become increasingly stringent, focusing
on parameters such as safety and weight reduction.

The foundation of this production process is float-
glass. The quality of the float glass serves as a critica
determinant for the entire production chain, as any
primary defect in the glass can evolve into more complex
issues during subsequent processing stages [7,8].
Identifying the root cause of defects in the final product is
nearly impossible, making it essential to meticulously
organize the initial quality control phase and
systematically document the data collected during this
stage.

While float glass constitutes the primary material
in automotive glass production, secondary materials such
as polyvinyl butyral (PVB) film, ceramic enamels, and
other components also play significant roles. Each of
these materials introduces additional complexities into the
production process, potentially increasing the likelihood
of defects[9].

Moreover, as the number of stages in the
technological chain increases, the involvement of human
operators at various points in the process multiplies. This
heightened reliance on human input significantly raises
the impact of human factors, which, in turn, can lead to an
increased rate of defects. Additionally, the condition and
maintenance of technologica equipment represent
another critical factor affecting defect rates. Poorly
maintained or outdated equipment can exacerbate
production issues, and these problems are often indirectly
tied to human factors, such as insufficient training of the
engineering department. Consequently, the total number
of defect variations can reach significant levels.
Addressing these issues requires the implementation of
training programs and stricter process controls to
minimize human error.

One approach to improving product quality is the

implementation of methodologies for defect analysis and
production management. For instance, the fishbone
diagram method (Ishikawa diagram) [10] enables the
identification of potential root causes of defects, while the
PDCA cycle (Plan-Do-Check-Act) [11] facilitates the
step-by-step planning of strategies to minimize these
defects.

This study will examine the key technological
stages involved in automotive glass production and
present practical approaches to addressing the associated
challenges.

The goal of thework

The primary objective of this work is to analyze
and highlight the key challenges faced in contemporary
automotive glass manufacturing. The work ams to
provide a basically overview of defect classification
systems, illustrating their practical applications, examine
technological production chains, and to explore
innovative approaches to solving production issues
through non-standard and unconventional methodologies.

The main resultsand their discussion

The automotive glass industry is known for its
high labor intensity, primarily due to the numerous
processes involved (Fig. 1). In addition to glass, various
secondary materials such as PVB film, silk-screen
printing glass enamel, heating elements, and plastic parts
are used, further adding to the complexity. As aresult, the
reject rate in this industry is influenced by a multitude of
factors across al processes, taking into account the
quality of the materials involved. Consequently, it
becomes evident that a robust quality control system and
well-trained personnel are essential for the smooth
operation of enterprisesin thisfield.

Screen preparation

Glass cutting and
shape grinding

Glass washing and

T i Tempering process

Molding tools

Bending process S ———

Lamination and
autoclaving process

Assembly line

Packing

Fig. 1 — General automotive glass production process
scheme
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First stage of production

Before the cutting process, the first quality control
of raw float glass is conducted to identify visible defects
such as chips and cracks, as well as to determine the
appropriate side of the glass sheet-air or tin [12].
However, beyond these obvious defects, raw float glass
may also contain hidden imperfections stemming from
storage and transportation conditions, as well as from the
specifics of the primary production process. One
characteristic defect is the formation of bloom. During the
float glass production process, the molten glass passes
over abath of molten tin, and the oxygen concentration in
the tin can vary significantly depending on the temperature
zones within the bath. For instance, in the medium-
temperature zone, local breachesin the seal or other factors
can lead to elevated oxygen levels. This results in
significant amounts of divalent tin penetrating the glass
surface to a shallow depth, creating high concentrations of
tin in a thin surface layer. When such glass is heated to
690+£10 °C during tempering, divalent tin oxidizes to
tetravdlent tin. The difference in therma expansion
coefficients between the surface and deeper layers of the
glass causes a micro-wrinkled texture to form on the
surface. This manifests as a matte white bloom.

When specifying float glass characteristics, it is
necessary to consider its draw line orientation, as this
impacts subseguent mechanical and optical processing.

These chalenges emphasize the importance of
comprehensive quality control at every stage of the
production process. It is cruciad to clearly label glass
batches and conduct in-depth investigations whenever
defects occur to ensure accurate identification of their root
causes and maintain production standards.

Due to the float glass tin-bath process production
described above, the resulting sheet exhibits two distinct
surfaces: the air side, which does not meet the tin, and the
tin side, which directly interacts with the molten metal.
Identifying the correct side (Fig. 2) is a critica
requirement for subsequent processing stages.

Fig. 2 — Difference between the tin and air sides under
ultraviolet illumination

The selection of the side becomes crucial during
various stages, such as applying black glass enamel
(especially silver paste for heating filaments) during
screen printing or laying down PVB film during the

lamination process. This attention to detail is essential to
maintaining the high quality and functionality of
automotive glass in demanding operational environments.

During the glass stages of treatment and grinding,
one of the primary causes of defects is the poor quality of
abrasive materials. Substandard abrasives can result in
edge chipping during therma treatment, which
compromises the structural integrity and appearance of
the glass. Furthermore, the quality of abrasives directly
affects the uniformity of edge finishing, which is critical
for the durability and performance of the final product.

Another crucial aspect that requires attention is the
washing process. Specificaly, the duration for which the
glass remains in a humid environment must be carefully
controlled. Prolonged exposure to moisture can lead to
partial surface leaching, a phenomenon that becomes
particularly apparent during subsequent thermal treatment
stages, resulting in visible aesthetic imperfections [13].
Additionally, the use of non-compliant circulating water
in washing systems, especially water with high levels of
aggressive substances — can exacerbate surface defects.
Such water may introduce chemical imbalances that
further degrade the quality of the glass surface,
necessitating stricter monitoring and treatment of water
used in these systems.

Water treatment at the facility level and in washing
processes is critically important. Monitoring pH levels,
conductivity, and proper chemical treatment is necessary
to prevent algae formation and ensure stable equipment
operation. For instance, poor washing water quality at the
pre-lamination stage (PVB assembly) can halve glass
adhesion levels. Similarly, excessive minera content can
rapidly degrade equipment that utilizes facility water,
such as grinding systems or autoclave radiator circuits.

Thesilk screen printing stage

The silk screen printing stage is another critical
phase often associated with visual defects (Fig. 3). These
defects, while not impacting on the mechanical properties
of the glass, significantly diminish its aesthetic appeal and
may affect the perceived quality of the product.
Manufacturers typically establish their own criteria for
acceptable visual distortions, depending on the specific
application and customer requirements.

Fig. 3— Defectsin dot silk screen printing
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The quality of the printed pattern is heavily
influenced by the auxiliary process of screen preparation.
Key factors include maintaining proper screen tension,
applying the emulsion evenly, and ensuring the
technological equipment is in optima condition.
Neglecting any of these parameters can lead to
inconsistencies in the printed pattern, such as
irregularities in ink distribution, misalignment, or
smudging. Moreover, the drying and curing process of the
printed enamel plays a vital role in ensuring its adhesion
and durability under further processing conditions, such
as tempering or lamination.

Functionally, silk screen printing is utilized to
create blackout areas, ensuring a clean and uniform
appearance by concealing adhesives and structural
elements during installation. Additionally, it provides
essential shading or UV-blocking properties, enhancing
passenger comfort and protecting interior materials from
sunlight degradation.

From a technical perspective, silk screen printing
facilitates the integration of heating elements, antennas,
and sensor interfaces by providing a conductive and
durable surface for these components. These functional
layers are essential for modern automotive applications,
such as defrosting systems and advanced driver-assistance
systems (ADAS).

Significant attention must be given to the quality
of glass-ceramic enamel, as this factor plays a crucial role
in ensuring the overal quality of automotive glass. For
instance, the interaction of glass-ceramic enamel with
either the air side or the tin side of the glass can result in
varying color shades (Fig. 4).

Fig. 4 — Color differencesin glass-ceramic enamel after
firing due to application on the tin and
air sides of the glass

Special emphasis should also be placed on
adherence to the specified temperature regimes during the
firing process, particularly in the bending (molding) stage
of windshield production. Underfiring can result in alow-
quality, dark pattern with poor adhesion. Conversely,
exceeding the recommended firing temperature outlined

in the technical specifications for the glass-ceramic
enamel can create excessively high stress within the glass.
This not only reduces its technological and functional
properties but also negatively impacts the bending
process. During the heating of windshield pairs, the upper
glass with ceramic enamel may contract along with the
contour of the enamel due to its differing viscosity and
mechanical parameters compared to the glass. As a result,
the geometry between the inner and outer glass is
disrupted, rendering the product unsuitable for the
autoclaving process (Fig. 5).

Fig. 5— A crack resulting from the deviation in geometry
of theinner glass layer after the autoclave

Additionally, compatibility between the enamel
and the type of glass (e.g., clear, green, or dark) must be
carefully considered.

Glasstempering

Following the application of the glass-ceramic
enamel, the technological chain diverges depending on
the type of automotive glass being produced — rear/side
glass or windshields. For the first category, the
subsequent process involves thermal tempering. At this
stage, failure to adhere to tempering protocols can
significantly reduce the required strength of the glass and
negatively affect its fragmentation behavior during impact
testing. In most cases, the root cause of such issues is
equipment malfunction, which leads to uneven airflow
and, consegquently, irregular distribution of internal
stresses. This often resultsin physical failure of the glass.

Bending process

The bending process for windshields is one of the
most complex stages in automotive glass production,
requiring exceptional attention to detail and the
consideration of numerous factors. One aspect is the use
of high-quality separators between glass sheets to prevent
them from sticking during the process. Proper selection
and correct application of these separators are essential
for maintaining the integrity of the glass.

For optimal results, molding parameters must be
individually tailored to each specific windshield model.
This includes grouping windshields based on the
complexity of their molding requirements and carefully
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determining their loading sequence into the furnace
wagons. Close attention must be given to the geometry of
each glass pair, ensuring that any deviations are identified
and addressed in a timely manner through adjustments to
the molding regimes. However, these adjustments must be
made cautioudly to avoid negatively impacting the glass
already loaded in the furnace.

Temperature measurements should be conducted
using a pyrometer directly on the glass surface to ensure
accurate reading. Using thermocouples attached to
heating elements as the primary control method is not
recommended, as they do not provide areliable indication
of the glass's actual temperature.

An equally important factor is the preparation of
molding tools. The quality and condition of these tools
play a significant role in ensuring the proper geometry of
windshields. Poorly maintained or improperly prepared
tools can introduce deviations in glass geometry and may
even contribute to physical damage during the furnace
process. Regular inspection, cleaning, and maintenance of
these tools are essential to prevent such issues and to
achieve consistent results.

Additionally, maintaining the equipment in
optimal condition is crucia for ensuring consistent
quality. Key factors to monitor include the integrity and
wear of heating elements, the accuracy of temperature
displays, the smooth operation of furnace wagons, the
condition of insulation materials, and effective heat
dissipation. Any irregularities in these areas can
compromise the precision and efficiency of the molding
process, leading to defectsin the final product.

Laminating and Autoclaving Stages

The laminating and autoclaving stages are critical
in ensuring the structural integrity and aesthetic quality of
laminated windshields. Notably, nearly half of the defects
observed during these stages originate from issues at the
preceding molding process (Fig. 6). Thus, seamless
interaction and coordination between the molding and
laminating stages are central to achieving optimal quality.

Fig. 6. — Result of not correct bending process after
autoclaving stage

For proper preliminary vacuuming, it is essential
to maintain the glass at the required temperature and
vacuum levels for the specified duration in the furnace.
Additionally, controlling the microclimate in the
production areais crucial, with specific recommendations
often provided by PVB film manufacturers. The quality of
the PVB film significantly influences the adhesion
properties of the final product, as well as the potential
occurrence of visual defects. Operator-dependent
production factors can be minimized by implementing
automated processes, such as automated PVB assembly.
The development of fully integrated online manufacturing
lines is a key component of mass production capacity for
OEM production.

In the production of large-sized windshields,
particularly when a non-automated PVB film laying
system is used, there is a risk of misalignment between
the inner and outer glass layers. This misalignment can
create microvoids, which, under the pressure of
autoclaving or during subsequent operation, may lead to
crack formation (Fig. 7).

Fig. 7— A crack resulting from the deviation in geometry
of theinner glass layer after the autoclaving process

The autoclaving process itself is highly sensitive to
the specified parameters. Deviations from the prescribed
regimes can result in weak adhesion of the windshield
components or the formation of small, uniformly
distributed air bubbles along the edges of the glass. To
mitigate these risks, stringent adherence to autoclave
protocols is essential.

Moreover, the condition of the equipment used in
these stages plays a pivota role in maintaining quality.
Regular inspection and maintenance of heating elements,
vacuum pumps, temperature control systems, and other
key components are necessary to ensure consistent
performance. Any irregularities, such as uneven heating
or inadequate pressure, can compromise the integrity of
the laminated glass and lead to defects in the final
product.

Final Assembly and Packaging Stage

The final assembly and packaging stage represents
the concluding phase of the automotive glass production
process, during which the manufactured products are

BICHHUK HTY "XIII" Ne 1 (23)

91



CEPLA "HOBI PILIEHHS B CYYACHUX TEXHOJIOI' X"

ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

prepared for shipment to clients. This stage serves as the
ultimate checkpoint for quality assurance, making the role
of the quality control department particularly critical.
Elevated attention must be given to this phase to prevent
the delivery of non-conforming products to customers.

Comprehensive inspection of the finished glass
products is performed at this stage to identify any defects
that may have been overlooked during previous processes.
This includes checking for visible flaws such as chips,
cracks, or delamination, as well as verifying adherence to
dimensional and geometric specifications. Any detected
defects must be promptly documented and addressed to
maintain product integrity.

In addition to quality checks, the assembly and
packaging team must ensure that the glass is appropriately
protected for transportation. This involves using suitable
packaging materials and methods to safeguard against
mechanical damage, contamination, or environmental
factors during transit. The proper labeling of products,
including batch information and handling instructions, is
also essential for traceability and safe delivery.

By maintaining stringent quality control measures
and implementing effective packaging practices,
manufacturers can ensure that the final products meet
both industry standards and client expectations, ultimately
reinforcing their reputation for reliability and excellence.
OEM customers typicaly require 100% transmission
optics inspection using Isra or Synerx-type systems,
capable of scanning parts within seconds and analyzing
specified regions of the glass at a given optical tolerance
range (millidiopter). Over recent years, solutions for
detecting glass surface defects have evolved significantly
and have become a standard in OEM serial production.

Results

The production of automotive glass is an intricate
process that demands precision, coordination, and
rigorous quality control at every stage. From the selection
of raw materialsto the final packaging, each phase plays a
vital role in determining the overal quaity and
performance of the product.

Key stages such as molding, triplexing, and
autoclaving are particularly sensitive to operational
parameters, requiring careful monitoring and adherence to
strict protocols. The molding process, for instance,
necessitates meticulous attention to geometry, temperature,
and equipment condition to prevent defects that can
cascade through subsequent stages. Similarly, the triplexing
and autoclaving phases rely heavily on the compatibility of
meaterials, precise control of environmenta conditions, and
the maintenance of equipment to ensure the durability and
safety of laminated windshields.

The final assembly and packaging stage acts as the
ultimate quality checkpoint, underscoring the importance
of effective inspection systems to identify and address any
remaining imperfections. Proper handling and protection
during this phase ensure that the glass reaches clients in
optimal condition, reinforcing the manufacturer's
commitment to excellence.

Conclusions

This study highlights the interdependence of all
stages in the production chain and the necessity of a
holistic approach to quality management. By addressing
potential issues at their source and implementing
advanced monitoring techniques, manufacturers can
minimize defects, enhance efficiency, and maintain a
competitive edge in the automotive glass industry.
Ultimately, the integration of cutting-edge technologies,
continuous staff training, and robust quality assurance
systems is essential for meeting the growing demands of
modern automotive applications.
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