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Precision glass molding (PGM) enables high-accuracy, efficient production of
complex optical components, yet interfacial adhesion between mold and glass
surfaces remains a significant barrier, impacting both quality and mold durability.
This review comprehensively examines the factors influencing adhesion
behavior, including the roles of material selection, surface wettability, process
parameters, and thermodynamic principles in defining interfacial performance.
Through a detailed analysis of anti-adhesion materials and optimized process
strategies, such as controlled temperature, pressure, and atmospheric
conditions, this work elucidates mechanisms that mitigate adhesion and
extend mold life. Thermodynamic modeling, including work of adhesion
calculations, provides a quantitative foundation for predicting interfacial
behavior, offering guidance for material and process optimization in PGM
applications. The findings provide a multi-dimensional framework for
addressing adhesion challenges in PGM, setting the stage for enhanced
efficiency and quality in precision optics manufacturing.
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1 Introduction

Glass lenses are essential components in advanced optical systems, commonly shaped
into aspheres, freeform surfaces, and microstructured arrays, and are widely applied in
optical imaging, illumination systems, and fiber-optic communications (Yin et al., 2017;
Tan et al., 2021; Hamed et al., 2023; Kim and Choi, 2021). They are indispensable in
consumer products such as cameras, projectors, and telescopes, as well as in industrial
applications like LiDAR, night vision, and optical metrology equipment. With the rising
demand for high-precision optical lenses, the development of scalable production methods
has become critical (Chernomyrdin et al., 2017; Cao et al., 2019; Xu et al., 2016). For
example, in the semiconductor industry, key optical components require nanometer or sub-
nanometer accuracy, maintaining flatness within 10 nm and profile accuracy within 100 nm
across diameters of 150–300 mm (Senellart et al., 2017; Capasso, 2018; Li et al., 2014).
Although conventional milling, grinding, and polishing methods can achieve spherical
lenses at scale, they are limited for aspheric and irregular lenses, which require iterative
dimensional and shape adjustments (Ghosh et al., 2018; Shimizu et al., 2021; Peng et al.,
2021). This makes high-precision, large-size optical component production costly, complex,
and highly dependent on operators’ skill. Further, the stringent accuracy requirements
necessitate slow feed rates in mechanical processing, resulting in low throughput. For
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certain soft or brittle materials, these techniques may not be suitable,
as they risk material deformation or fracture (Yuan et al., 2018; Chen
et al., 2018; Lee et al., 2014; Vu et al., 2021). Ultra-precision
equipment, essential for achieving the desired accuracy, is
expensive and specialized, and tools used in ultra-precision
grinding and turning suffer wear, requiring frequent replacement
(Wang S. et al., 2023; Fei et al., 2020; Wang G. et al., 2024). These
challenges make traditional machining a less suitable option for
mass-producing small-aperture, high-repeatability, and low-cost
optical components.

The emergence of precision glass molding has revolutionized
glass processing by facilitating the production of complex surface
structures and is now the leading technology for high-precision,
small-aperture aspheric optics at low cost and high efficiency (Ming
et al., 2020; Zhang and Liu, 2017; Zhou, et al., 2017; Shu et al., 2023;
Asgar et al., 2021). As a rapid replication technology, PGM
significantly reduces individual component cycle times to
approximately 120 s once process parameters are defined
(Kadono and Kitamura, 2022; Vieira, 2022). Using the principle
of hot pressing, PGM exploits the behavior of glass in the
supercooled liquid region, above its glass transition temperature
(Tg), where softened glass is molded within a closed cavity to
replicate the mold geometry precisely (Zhang L. et al., 2020;
Zhang X. et al., 2019; Zhang et al., 2018). Figure 1 compares
conventional and precision glass molding processes: PGM is a
four-stage process, involving heating, pressing, cooling, and
demolding, yielding a finished lens without additional processing,
while conventional methods require multiple machining steps such
as diamond turning, grinding, polishing, and final cleaning. PGM
circumvents the need for further polishing or machining, enabling
substantial reductions in both production time and costs.

However, the quality of molded lenses in PGM relies on
numerous factors, such as the choice of mold and glass materials,
mold quality, thermal deformation properties of the glass, and
control of process parameters like temperature and pressure (Liu
et al., 2021; Symmons et al., 2016). Evenminor imperfections in each
step of the PGM process can directly impact the surface quality and
optical performance of the final product. The process involves

complex thermodynamic deformations, with the glass viscosity
changing in response to temperature, interacting with the
stability of the mold coating, making process optimization
challenging (Liu et al., 2022; Liu et al., 2023; Liu G. et al., 2017).
Presently, this technology faces numerous scientific challenges,
including the development of mold and coating materials,
modeling glass behavior, optimizing process conditions, and
achieving high-precision molding equipment (Xie et al., 2017;
Huang, et al., 2020b). Among these, interfacial adhesion remains
particularly challenging (Liu and Zhang, 2017; Huang et al., 2023;
Kim et al., 2019). Adhesion can lead to surface scratches or residues
during demolding, lowering optical transmission and imaging
quality, while accelerating mold coating wear and reducing mold
lifespan (Wang et al., 2019; Chizhik et al., 2020). Frequent mold
replacement and downtime reduce production efficiency and
increase maintenance costs, adding complexity to manufacturing.
For high-precision optical components, even minor interfacial
adhesion can significantly affect product yield, making it a
critical bottleneck in PGM.

In response to the challenges posed by mold-glass interfacial
adhesion, this review examines the development of adhesion-related
issues, focusing on advances in mold, glass, and coating materials,
process optimization, and the fundamental mechanisms of
adhesion. Current challenges and limitations in adhesion control
are discussed, with a further analysis of anti-adhesion mechanisms
in PGM. Finally, this review explores the future outlook for PGM
development.

2 Adhesion challenges

2.1 Mold and glass materials

The interaction between mold and glass materials
fundamentally determines interfacial performance in PGM
processes. The physical and chemical compatibility of these
materials is crucial for controlling interfacial adhesion; thus,
selecting appropriate materials for both mold and glass is an

FIGURE 1
Comparison of machining techniques with PGM.
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essential preliminary step in PGM (Sun F. et al., 2022; Vu et al., 2019;
Bobba and Morgan, 2022; Vu et al., 2020). Mold materials must
withstand numerous cycles of molding without degradation,
resisting deformation, wear, and adhesion over thousands of
molding cycles. Consequently, mold materials must meet
stringent requirements. They need to have low reactivity with
other elements, high machinability, excellent thermal
conductivity, high hardness and robust fracture toughness.
Moreover, mold materials must have a coefficient of thermal
expansion (CTE) similar to that of the glass material or show
minimal differences to minimize form deviation. These properties
collectively ensure that mold materials exhibit low chemical
reactivity and mechanical deformation under high temperatures,
minimizing physical or chemical interactions with glass. This
stability preserves the mold’s surface structure and geometry,
extending its operational lifespan.

Common mold materials, such as NiP, Si, Si3N4, SiC, WC,
Zr–Si–N, and microcrystalline aluminum, are selected based on
factors like machinability, operational temperature, and surface
structural requirements (Friedrichs et al., 2019). Hard materials
like WC and SiC offer excellent high-temperature performance and
wear resistance, making them widely used in the mass production of
precision glass optics. However, their high hardness also poses
challenges for machining fine microstructural features. In
contrast, Ni-P alloys—despite limitations such as lower hot
hardness and reduced thermal stability—are often chosen for
applications where detailed surface features and good tribological
compatibility with certain glasses are required (Prater et al., 2016;
Zhou et al., 2018a; Lee et al., 2018).

Given the necessity for anti-adhesion properties, protective
coatings are often applied to extend mold life, becoming a
standard practice in glass molding. Commonly used coatings
include ceramic coatings (CrN, AlCrN, AlTiN), precious metal
coatings (Pt/Ir, Re/Ir, Mo/Ru), and diamond-like carbon (DLC)
(Saksena et al., 2021; Xie et al., 2021; Chen et al., 2020). Ceramic
coatings provide high hardness and wear resistance but are prone to
surface cracking after repeated high-temperature cycles, reducing
their adhesion resistance over time. Precious metal coatings, with
their chemical inertness and oxidation resistance, effectively
mitigate chemical adhesion at high temperatures. However, these
coatings are prone to wear under high loads, limiting their stability
in prolonged applications. In contrast, DLC coatings exhibit an
ultra-low friction coefficient (as low as 0.06) and excellent anti-
adhesion and wear resistance, maintaining surface integrity in high-
temperature, high-friction environments (Griffiths et al., 2016; Kim
and Kim, 2022; Wang Z. F. et al., 2023). Therefore, selecting mold
materials demands a balanced consideration of application
requirements to minimize adhesion.

The properties of low-Tg glass used in PGM are also essential for
interfacial adhesion behavior. Optical glass must transition to a
plastic state below approximately 600 °C to meet molding
requirements while remaining chemically inert to prevent
irreversible reactions with the mold at high temperatures. Low-Tg
and ‘short’ glasses are advantageous for glass molding because the
molding temperature can be chosen at relatively low, as the process
is commonly conducted near the softening temperature where
viscosity is sufficiently low (Liu J. H. et al., 2017; Shu et al., 2022;
Pallicity et al., 2017). Adhesion during molding not only causes

scratches and residue on the glass surface but also damages mold
coatings, shortening mold lifespan. This adhesion behavior results
from the amorphous structure of glass, as illustrated in Figure 2A,
where glass undergoes a continuous transition from a supercooled
liquid to an amorphous solid upon cooling. In the Tg–Ts range, the
glass exhibits viscoelastic behavior characterized by elastic
deformation and viscous flow. This unique behavior, shown in
Figure 2B, defines the forming temperature window for PGM,
typically lies between Tg and the softening point Ts (~10

6.6 Pa·s
viscosity). Leading optical glass manufacturers, such as CDGM,
HOYA, OHARA, SUMITA, and SCHOTT, produce glass tailored
for PGM applications.

Following material selection, high-precision lens production in
PGM requires careful preparation of both mold and glass. Mold
surfaces must achieve optical-grade roughness and dimensional
accuracy through precision machining, while glass materials are
prepared as preforms for molding. Since PGM forms the final shape
in a single pressing step without subsequent polishing, the mold
material must have a coefficient of thermal expansion closely
matched to that of the glass to minimize form deviation.
Additionally, the glass preforms are required to meet stringent
specifications regarding cleanliness, surface roughness and bulk
optical integrity—including homogeneity, absence of inclusions, and
minimal residual stress—to meet requirements of the final optical
components. The prepared mold and glass preform are then
assembled in PGM equipment to produce the optical component.

2.2 Demolding process in PGM

The PGM process involves a series of well-defined thermal and
mechanical stages designed to shape glass into optical components.
As illustrated in Figure 3, the entire process comprises five
consecutive steps: initial heating, soaking, pressing, controlled
cooling and final demolding. In the first stage, the glass preform
and mold are firstly heated to the required molding temperature,
followed by a second phase of heat retention to ensure uniform
temperature distribution. During the third stage, a defined pressure
is applied, maintaining close contact between glass and mold
surfaces for a specified period, enabling the glass to conform to
the mold geometry. Subsequently, the glass is gradually cooled to
approximately Tg, then rapidly cooled and demolded. The first
cooling phase solidifies the glass, enabling a faster second cooling
phase, which increases production efficiency.

Interfacial adhesion manifests during demolding, leading to
surface scratches, glass breakage, or mold coating damage.
During demolding, glass undergoes a transition from a
viscoelastic to a solid state in the Tg–Ts range, retaining some
flowability. This characteristic means that if adhesion between
the glass and mold is excessive during cooling and demolding,
glass surface defects or mold damage can occur. However,
demolding adhesion reflects the cumulative effects of each
preceding process phase: heating and retention, pressing, and
cooling. Specifically, during heating and retention, glass is
brought to a viscoelastic state and adheres tightly to the mold.
During pressing, excessive pressure or prolonged contact time
increases the contact area, raising friction and intensifying
adhesion. Any instability in the coating may trigger chemical
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reactions at high temperatures, exacerbating adhesion forces.
During the cooling stage, demolding adhesion is primarily
influenced by the cooling rate and interfacial compatibility
between the mold and glass. A slower cooling rate extends the
period during which the glass remains partially fluid, thereby
enhancing the potential for physical or chemical bonding at the
interface. Moreover, incompatible material properties, such as high
wettability, can further facilitate adhesion. Hence, controlling
adhesion during demolding requires precise regulation of process
parameters, including the heating rate, retention time, molding
temperature, applied pressure, cooling rate, final cooling
temperature, demolding temperature, and rate.

2.3 Contact forces at the interface

During demolding in PGM, glass tends to adhere to the mold
surface, primarily due to its viscoelastic properties, which cause
increased molecular mobility and adhesion at high temperatures.
When glass and mold surfaces are in close contact, molecular
attraction creates adhesion-prone regions where material transfer
is more likely, leading to physical adhesion at the interface. This
tendencymeans that sections of the glass may remain attached to the
mold surface, particularly under high interfacial contact forces.
Three primary forces — adhesive force, frictional force, and
thermal contraction stress — act on the interface (Pallicity et al.,

FIGURE 2
Glass property: (a) the glass enthalpy dependence on temperature, (b) typical viscosity-temperature curve.

FIGURE 3
A typical molding cycle of PGM (Reproduced form (Zhang and Liu, 2017).
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2017; Li et al., 2022; Liu et al., 2021; Vu et al., 2024; Luo et al., 2022),
each influencing demolding difficulty in distinct ways (Figure 4).

Adhesive force is the principal interfacial force between glass
and mold, driven by molecular interactions at high temperatures. In
the viscoelastic state, adhesive force increases with contact area,
intensifying during cooling as glass transitions from a viscous to a
solid state. Repeated molding and demolding operations gradually
exert stress on the mold surface, potentially causing wear and
delamination, especially if the mold is inadequately protected,
allowing chemical reactions that accelerate surface damage (Guo
et al., 2007). Frictional force, acting tangentially during demolding,
impedes separation as the glass slides across the mold surface. This
force is primarily influenced by mold surface roughness and coating
friction coefficient. When glass cools and hardens, frictional force
further resists tangential separation, particularly if microstructures
on the mold surface intensify friction. Repeated friction exacerbates
adhesion and may cause localized wear, especially with higher-
friction materials. Thermal contraction stress arises from the
differential thermal expansion between glass and mold materials,
causing tensile or compressive stress at the interface during cooling.
When cooling rates are uneven or thermal expansion differences are
substantial, stress concentration at the glass-mold interface can
become significant. Thermal contraction stress causes tighter
adhesion at the interface, increasing adhesion and friction
resistance. In micro-structured molds and arrayed lenses, edge or
corner areas experience localized stress concentration, accelerating
mold failure. These three forces collectively exacerbate demolding
adhesion through distinct physical mechanisms, underscoring the
need for a comprehensive approach to interfacial adhesion control.

3 Adhesion behaviors

3.1 Glass surface defects and mechanisms
of formation

From an application perspective, adhesion-induced surface
defects on molds and glass pose significant challenges to
maintaining quality. On glass surfaces, these defects typically

appear as micro-voids, scratches, waviness, and micro-bubbles.
Under such conditions, gas can be trapped between glass and
mold, leading to localized micro-void formation. As molding
temperatures rise, trapped gases expand, increasing the number
and size of these voids significantly. This defect issue becomes even
more pronounced in ultra-thin glass molding, particularly with
curved glass surfaces. For instance, studies on curved, ultra-thin
glass have shown that higher forming temperatures facilitate glass
flow and mold replication but also exacerbate adhesion, resulting in
increased surface defects like micro-bubbles (Zhang et al., 2021).
Although increased forming pressure can reduce bubble density, it
simultaneously tightens the mold-glass contact, leading to defects
such as waviness.

Defect formation mechanisms are actively explored to better
understand the impact of adhesion on defect evolution. Studies on
chalcogenide glasses show that adhesion strengthens at elevated
temperatures, particularly when themold surface exhibits significant
roughness and the temperature distribution is uneven (Zhou, et al.,
2017). Research on the formation and growth of micro-cavities at
varying temperatures has identified several pathways, as depicted in
Figure 5. The process is analyzed in three stages: (1) Transition from
interfacial fracture to cohesive deformation: As the molding
temperature rises, adhesion shifts from an interfacial fracture
mode to cohesive deformation within the glass. At lower
temperatures, adhesion occurs primarily at the glass-mold
interface, creating shallow, disk-shaped micro-cavities. With
increasing temperatures, however, the viscoelasticity of glass
intensifies, causing adhesion to promote internal deformation,
leading to deeper cavities. This transition indicates a shift in
cavity formation, from interface crack propagation to local
deformation within the glass. (2) Gas entrapment effects: Gas
trapped at the glass-mold interface or within the glass expands
during separation, leading to localized stress release, which
promotes micro-cavity growth into larger, deeper defects. This
suggests that the rate and manner of stress release during
adhesion directly influence gas entrapment and cavity expansion.
(3) Cavity growth and coalescence: Adhesion-induced cohesive
deformation within the glass can create numerous small cavities
that may coalesce over time, forming larger cavities as temperature
and time progress. Under high-temperature conditions, enhanced
viscoelasticity promotes stress concentration and material flow,
which facilitates cavity expansion.

Adhesion-related surface defects have a multiscale impact on the
optical and mechanical performance of molded glass components.
At the microscale (less than 1 µm), adhesion creates nano-defects
like micro-bubbles and micro-cavities that increase surface
roughness, decreasing light transmittance and propagation
efficiency. Increased surface roughness also amplifies light
scattering, adversely affecting reflection and refraction properties,
particularly in high-precision optics where imaging quality is
critical. At the mesoscale (1–100 µm), adhesion-induced
waviness, micro-cracks, and surface irregularities cause non-
uniform refraction and scattering, leading to substantial optical
distortion. These mesoscale defects prevent accurate focusing,
reducing resolution and image clarity, which compromises
imaging accuracy in optical devices. At the macroscale (greater
than 100 µm), extensive deformation, cracking, or fracture due to
adhesion compromises the structural integrity of the glass

FIGURE 4
The compositions of the demolding interaction forces at mold-
glass interface.
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component (Youn et al., 2006). Such defects not only impair optical
performance but also increase the likelihood of component failure in
use, shortening product lifespan.

3.2 Mold adhesion patterns and damage
mechanisms

Beyond affecting glass surface quality, adhesion in PGM
processes poses critical risks to mold integrity. Adhesion
patterns on mold surfaces exhibit varied morphology
depending on material type and processing conditions (Zhu
et al., 2015; Huang, et al., 2020a; Youn et al., 2006; Kim et al., 2020).
The glass–mold interfacial adhesion on microgrooved surfaces is
shown in Figure 6a, while Figures 6b,c demonstrate that the
adhesion of ChG glass on Ni–P molds involves both physical and
chemical interactions (Zhou et al., 2017a; Zhu et al., 2023). For PtIr-
Ni coatings, the degradation process follows six stages, including
sequential oxidation and gas evolution, leading to funnel-shaped
ruptures, delamination due to adhesion loss, deep substrate
corrosion, and glass crystallite accumulation on oxidized areas
(Klocke et al., 2016). Open craters were observed in the PtIr-Ni
layer, where significant amounts of tungsten and cobalt were
detected. After the coating was compromised, its anti-adhesion
performance declined, resulting in an increased friction
coefficient and stronger glass adhesion to the coating surface.
After 500 press cycles, the WC-Co molds exhibited adhesion

characteristics with island oxides, randomly distributed on the
surface at the micrometer scale (Chen and Wang, 2014). For the
Cr28Si17N55 coating, after 100 thermal cycles, the adhesive regions
observed under a light microscope had a diameter of 500 μm (Chen
et al., 2020). Further SEM analysis revealed that when the coating
adhered to the glass, it exposed the underlying hard metal substrate,
resulting in coating failure. Additionally, WC molds pressed with
D-FK95 flat glass displayed four distinct residual glass patterns
between 450 °C and 535 °C: uniformly dispersed dots, island-like
clusters, streaks, and layered coverage (Zhao et al., 2023). High
temperatures enhance glass flowability, aligning residual glass
distribution with flow direction, highlighting the influence of
glass flow on adhesion patterns. B270® glass from Schott AG
deposits as distinct dots on PtIr mold surfaces, while
chalcogenide glass produces more mottled patterns (Friedrichs
et al., 2020). In extreme cases, adhesion causes irregular damage
to the coating layer, exposing the underlying mold substrate.

Different adhesion patterns contribute to mold damage through
mechanisms such as stress concentration, oxidation reactions, and
increased surface roughness. Stress concentration is a primary
damage mechanism in mold edges and high-curvature regions,
where adhesion tends to occur. For instance, thermal cycling
tests with chalcogenide glass reveal that residual glass thickness
correlates closely with mold surface stress concentration, increasing
from 5 nm to 20 nm at high-stress regions (Zhou et al., 2018b). With
repeated thermal cycles, adhesion exacerbates micro-crack growth
and causes localized deformation and material degradation.

FIGURE 5
The 3D isometric back-view contours of microcavities for cohesive cases (a) 675°C, (b) 680°C, and (c) illustrative diagram showing bifurcation in
microcavity growth (Reproduced from (Zhou et al., 2022)).
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Accumulated adhesion residue in high-stress areas intensifies
damage, ultimately leading to localized mold failure.

Oxidation also plays a key role in mold damage. Oxidation alters
surface chemistry, accelerating interactions between mold and glass,
which expands the distribution and thickness of adhesion residue.
Studies on Zr-Si-N coatings show that oxidation significantly increases
adhesion coverage, particularly during repeated high-temperature cycles.
On a Zr-Si-N coating with 20% Si content, glass residue thickness is
approximately 5 nm, while uncoated molds exhibit up to 20 nm of
residue (Chang et al., 2018). This difference primarily stems from the
coating’s chemical inertness, which reduces oxidation reactions and
adhesion. However, oxidation inevitably degrades the coating’s
stability over time, increasing glass residue and mold surface damage.

Increased surface roughness also significantly contributes to mold
damage. Rougher mold surfaces promote adhesion by increasing
contact area and residue thickness. For instance, studies show that
PtIr-coated molds with initial roughness of 10 nm undergo multiple

thermal cycles at high temperatures (350°C–800°C), increasing surface
roughness to over 100 nm, which amplifies residue coverage and
thickness (Friedrichs et al., 2020). Under combined oxidative and
mechanical stress, coatings gradually delaminate, concentrating
adhesion residue in the delaminated areas. By reducing roughness
(from Ra = 70 nm–30 nm), glass residue thickness decreases by over
50%, underscoring roughness control as a key factor in minimizing
adhesion and extending mold life. Different materials exhibit unique
adhesion-induced roughness progression; for example, Al2O3 coatings
maintain roughness below Ra = 5 nm after 100 cycles, while uncoated
molds reach Ra = 50 nm (Chien et al., 2012). Zr-Si-N coatings
effectively prevent adhesion after 450 thermal cycles, maintaining
residue thickness at just 5 nm, demonstrating strong anti-adhesion
performance at high temperatures (Chen et al., 2020). The DLC-coated
molds demonstrated superior surface stability compared to other
coatings (Chen et al., 2023). Despite a gradual increase in surface
roughness with repeatedmolding cycles, the roughness remained below

FIGURE 6
Adhesion morphologies and mechanisms of glass on different mold surfaces. (a) SEM images of micropyramidal structures, showing the mold
surface before molding, after molding, and the corresponding molded glass from left to right, (b) characterization of the mold after compression,
including optical image, microscopic observation, and EDS analysis revealing physical adhesion, (c) analysis of ChG glass after compression, including
surface morphology, EDS mapping of Ni distribution, and elemental composition indicating chemical adhesion (Adapted with permission from Zhu
et al. Study of interfacial adhesion and Re–Ir alloy coating in chalcogenide glass molding. Langmuir 2023, 39, 9924-9931. Copyright 2023 American
Chemical Society.).
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5 nm after 500 cycles (Figure 7a). Nonetheless, microscopic deposits
were observed, mainly caused by glass adhesion and residual glass
component streaks (Figure 7b).

3.3 Adhesive forces and influencing factors

In PGM, adhesive force refers to the interfacial forces between glass
and mold, primarily arising from molecular interactions, electrostatic
forces, and possible chemical bonding. Unlike simple physical contact,
the forming process subjects glass and mold to both chemical and
mechanical forces, resulting in distinctive adhesion behavior. Adhesive
force is commonly measured to characterize interfacial adhesion
strength, with methods like pull-off and shear tests quantifying the
force needed to separate glass and mold under controlled temperature,
pressure, and interfacial conditions. Custom equipment is typically
required, integrating load sensors to record adhesive force throughout
the demolding process. Recently, new measurement techniques have
emerged for adhesion research. For example, atomic force microscopy
(AFM) enables micro-scale adhesion force analysis, allowing real-time
data collection at the interface and providing insights into adhesion
force dynamics at a finer scale (Han et al., 2009). Adhesive force
quantification enables a better understanding of these interfacial
interactions, aiding in adhesion mitigation strategies for production.

For planar glass-mold contact molding, adhesive force is defined
as the counterforce detected at the glass-mold interface during
demolding. Adhesion force profiles usually display an upward
trend until they reach a maximum value, after which there is a
sharp decline to zero, as observed in the region enclosed by the
dashed-line circle in Figure 8a (Zhou et al., 2020). This initial rise
corresponds to the interfacial adhesion stage, while the subsequent
drop to zero indicates the complete separation of the interfaces.
Moreover, the work done during the adhesion process can be

computed by measuring the area beneath the force-displacement
curves, as is evident from Figure 8b.

Adhesive force magnitude is influenced by multiple factors,
including temperature, pressure, mold material, surface roughness,
and forming environment. Investigation into the effects of molding
and demolding temperatures, as well as coating materials, remains a
key focus (Zhang Y. et al., 2019; Ikeda et al., 2016). The measured
demolding force for K-PSK200 glass increased from 0.5 MPa to
0.74 MPa at temperatures of 420 °C and 430°C, while for the
enforced demolding condition with GC molds, it rose from
0.52 MPa to 0.58 MPa. For L-BAL42 glass at 560 °C, the adhesion
force was 0.4 MPa. Typically, the adhesive force increases with higher
molding temperatures, which leads to more uniform adhesion layers
on themold surface. For D-FK95 glass, the adhesive force remains low
(below 1 N) at molding temperatures below 505 °C (Zhao et al., 2023).
However, at 535 °C, it increases significantly to approximately 48.4 N,
corresponding to an adhesion stress of 0.8 MPa. Pressure also plays a
role; at 515 °C, increasing applied pressure from 100 N to 250 N
markedly raises adhesive force, adhesion stress, and contact area,
expanding from 2.23 to 6.17 μm2. The choice of coating material
further influences surface affinity, improving adhesion resistance. For
example, uncoated WC molds exhibit adhesive stress of 0.17 MPa at
515 °C, whereas Ta–C coatings reduce it to 0.03 MPa, though AlCrN
coatings exhibit higher adhesive stress, at 0.92 MPa. The varying
adhesion conditions during demolding lead to distinct surface
morphology evolutions in the molded optical glass. Figure 9
compares the microscopic images of the upper and lower
interfaces of the molded glass (Li et al., 2022). The formation and
morphology of bubble defects were notably affected by the demolding
process, which was in turn influenced by differences in the molding
temperature. Overall, adhesive force measurement serves as a direct
indicator of demolding effectiveness, guiding further process
optimization.

FIGURE 7
DLC-coated mold after cyclic testing. (a) Surface roughening observed on the mold surface and (b) SEM image showing degradation of the DLC
coating after 500 molding cycles.
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FIGURE 9
Comparison of the upper and lower interfaces of the molded glass under different demolding conditions. (a) The upper surface at a molding
temperature of 490 °C, (b) the upper surface at 510 °C, (c) the lower surface at 490 °C and (d) the lower surface at 510 °C.

FIGURE 8
Adhesion force assessment: (a) Themeasured force plotted as a function of the bottommold’s position, with a molding temperature of 655°C and a
debonding velocity of 10 μm/s, (b) the adhesion force-displacement curve and the corresponding nominal stress-strain relationship.
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4 Advances in adhesion control

4.1 Molds and coatings development

To effectively control adhesion and extend mold lifespan,
current research focuses on developing advanced mold
materials and coatings, as well as optimizing processing
parameters. The development of high-performance molds and
coatings is essential for reducing adhesion, as the direct,
repeated contact between molds and glass under high
temperature and pressure conditions leads to mold wear,
oxidation, and surface degradation over time, compromising the
molding quality. Table 1 summarizes the key properties of
common mold materials used in glass molding (Asgar et al.,
2021; Kudělka et al., 2020; Garion, 2014; Yu et al., 2021). The
materials exhibit significant differences in hardness, Young’s
modulus, thermal conductivity, and thermal expansion
coefficient, which directly influence their performance under
high-temperature molding conditions. Protective coatings are
needed for WC, Si, SiC and SiO2 molds, whereas GC and Ni-P
molds often do not. Among them, WC has become one of the most
widely applied in industrial mass production. Specifically, cobalt-
free, nano-grain WC demonstrates significant resistance to
adhesion in glass forming processes, maintaining stability under
high hardness and high-temperature conditions. Glassy carbon
(GC) is also gaining attention for its excellent thermal conductivity
and ability to endure ultra-high glass transition temperatures
without a coating (Grunwald et al., 2019). In micro-nano
optical glass molding, GC molds withstand temperatures up to
1,360 °C, making them suitable for high-temperature glass
processing, despite their relatively high fabrication cost (Li K. S.
et al., 2021). Si is another common mold material, frequently used
in micro-nano structures due to established microfabrication
techniques such as photolithography and dry etching. Silicon’s
low thermal expansion coefficient and excellent thermal
conductivity make it ideal for precision molding. Additionally,
Ni-P molds, fabricated through electroforming and micro-
machining techniques, achieve the fine micro-groove structures
required for high-surface-quality optical applications (Yu
et al., 2021).

Protective coatings have become indispensable in PGM to
further enhance mold resistance against adhesion. Common
coatings include precious metals (e.g., Pt-Ir, Re-Ir), ceramic
coatings (e.g., CrAlN, AlTiN, α-Al2O3), and diamond-like

carbon (DLC) (Saha et al., 2010; Akhtar et al., 2024). Pt-Ir
coatings maintain stability at temperatures up to 700 °C, while
ceramic coatings like Al2O3 offer a cost-effective alternative for
high-temperature molding. For Ni-P molds, the coated surface
shows a high level of uniformity and low roughness of 9.29 nm
(Figures 10a,b), contributing to superior form accuracy in the
resulting glass structures (Figure 10c). DLC coatings are valued for
their ultra-low friction, but their thermal stability deteriorates at
lower temperatures due to graphite (Akhtar et al., 2022; Gharam
et al., 2010). Recent progress, however, has extended their
applicability to higher-temperature environments (>600 °C)
(Friedrichs et al., 2022; Shu et al., 2024). Each coating type
offers unique advantages in practical applications, with many
anti-adhesion coatings achieving consistent and stable results.
For instance, nano-graphite-coated Si molds enable clean
molding at 370 °C, potentially replacing traditional coatings for
optical glass molding (Zhang L. and Yan J. W., 2022). α-Al2O3

coatings show excellent anti-adhesion performance when forming
den se barium crown glass (D-ZK3) and chalcogenide glass
(IRG206), with notably lower surface stress in high-temperature
environments compared to traditional Ta-based coatings, making
it ideal for high-precision optical applications (Zhang Y.
et al., 2020).

Research into new coating materials is actively exploring high-
temperature stability and multifunctionality (Zhang, et al., 2024a;
Bernhardt et al., 2013; Wang L. et al., 2024; Dukwen et al., 2016).
Nano-graphite carbon coatings, applied through chemical vapor
deposition (CVD), offer hydrophobicity and low surface energy,
making them ideal for anti-adhesion (Brüssel et al., 2024). In micro-
optics molding, nano-graphite carbon coatings exhibit low friction
and high replication accuracy, with experiments indicating that
these coatings maintain low adhesion and surface quality even
above 500 °C, showing promising potential for mass production
of micro-structured optical components. This development
broadens the application of Si molds in complex optical patterns,
positioning them as viable alternatives to WC molds. Emerging
coating research also focuses on composite multi-layer structures to
enhance oxidation resistance and mechanical performance (Shu
et al., 2024). For example, multi-layer coatings of α-Al2O3 with
Ta or DLC provide a combined advantage of oxidation resistance
and anti-adhesion in high-temperature environments,
demonstrating excellent performance in both infrared and visible
optical glass molding. Advances in coatings and molds for PGM
have been summarized in Table 2.

TABLE 1 Important properties of common molds for glass molding.

Molds Hardness
(Kg/mm2)

Young’s
modulus (GPa)

Thermal conductivity
(W m−1 K−1)

Thermal expansion
(×10–7 °C−1)

Coatings

WC 1,550 560 29 57 Required

Si 625 127 1.3 26 Required

SiC 2,450 120 84 40 Required

SiO2 2,759 85 2 5 Required

GC 2,840 32.4 6 20

Ni-P 941 162.1 14 140
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4.2 Process optimization

In addition to material advancements, process optimization is
crucial for minimizing interfacial adhesion. Effective temperature,
pressure, and cooling rate control, as well as the introduction of
external fields, have been shown to reduce glass-mold adhesion. Key

process parameters, such as temperature and pressure control,
ultrasonic assistance, and vacuum/inert gas environments,
significantly impact mold adhesion behavior (Vu et al., 2024; Li
K. et al., 2020; Zhou, et al., 2017).

Temperature control is particularly important in glass molding,
as the molding temperature directly influences glass flow and

TABLE 2 Mold/coatings for PGM applications.

References Coating/Interlayer Substrate Glass type Temperature

Huang et al. (2020a) CrWN/- Si, WC - 650 °C

Zhang, et al. (2020a) α-Al2O3/TiN WC D-ZK3, IRG206 540 °C

Friedrichs et al. (2020) PtIr/Cr WC B270 640 °C

Chen et al. (2020) CrSiN, TaSiN, ZrSiN/Cr, Ti WC SiO2-B2O3-BaO-based glass 600 °C

Akhtar et al. (2022) Ru–Pt Graphite Corning Gorilla 5 750 °C

Zhu et al. (2015) ReIr/Ta WC D-ZK3 631 °C

Yu et al. (2021) Ni–P WC D-ZK2N 600 °C

Zhang and Yi (2021) Graphene Si - 135 °C

Kao et al. (2021) TaNbSiZrCr WC BK7 750 °C

Zhu et al. (2023) Re–Ir 06Cr25Ni20 Ge22Se58As20 392 °C

Akhtar et al. (2024) Ru–Cr Graphite Gorilla 5 750 °C

FIGURE 10
Evaluation of molding performance using Ni–P molds. (a) Photograph of the mold, (b) surface topography of the microlens arrays, (c) structural
morphology of the molded glass components (Adapted with permission from Wang et al. (2024). Copyright 2024 American Chemical Society.).
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adhesion behavior (Zhang Z. et al., 2024; Mosaddegh and Ziegert,
2013; Shu et al., 2022; Zhou et al., 2010; Sarhadi et al., 2014). In the
molding process of ChG for aspherical lens, the area ratios of the
microdimples on the formed ChG pillars exhibit an approximately
logarithmic growth with the elevation of the molding temperature
(Zhou, et al., 2018a). The optimal range of the increased molding
temperature is deduced to be between 380 - 382 °C. This temperature
range helps to minimize defects caused by adhesion. Regarding
shape accuracy, a higher molding temperature results in a better fit
between the mold and the glass surface, yet it also leads to a larger
roughness of the molded lens. Moreover, the shrinkage
phenomenon becomes more pronounced as the molding
temperature rises. Consequently, a lower molding temperature of
382 °C is more favorably recommended to prevent surface adhesion
and shape deviation. For Corning®Gorilla®Glass Victus™ glass,
when the molding temperature is raised from 800 °C to 806 °C,
the average proportion of crack area drops from 24.72% to 2.15%
(Yang et al., 2022). Generally, the surface roughness of 3D ultra-thin
glass increases with an increase in the molding temperature. The
final surface roughness value of the bending region reaches
8.13 μm at a molding temperature of 810 °C. This occurs because
the intensity of thermal movement within the ultra-thin glass
intensifies with the increase in temperature, enhancing the
fluidity of the glass surface and thus increasing the surface
roughness. In conclusion, the appropriate selection of molding
temperatures can comprehensively optimize the molding quality.
Additionally, segmented temperature control allows for optimized
temperature distribution by setting different zones within the mold

at varied temperatures, preventing localized overheating and further
suppressing adhesion (Hopmann et al., 2024).

Pressure control is another critical optimization strategy. The
adhesion force increases with increased applied force and
compression hold time, but more detailed research is required
(Zhang et al., 2021; Huang et al., 2013). The molding force was
reported to have a coefficient of 21.39 in linear relationship with
adhesion force with confidence of 68.6% (Fischbach et al., 2010). A
too highmolding force can result in structure rupture but a too small
pressure cannot make an adequate shape transfer from mold
surfaces (Cheng et al., 2021). While a smaller holding force was
maintained during cooling to ensure shape accuracy, the adhesion
force relationship with it was not studied due to the expected very
limited influence during cooling.

External field assistance, particularly ultrasonic assistance,
shows potential in reducing adhesion. This technique is
particularly suitable for high-precision optical component
manufacturing, as it improves the problem of adhesion without
altering temperature or pressure parameters. As shown in Figure 11,
the simulated deformation behavior of glass reveals that ultrasonic
assistance molding (UGMP) significantly decreases the contact
angles and markedly enhances the cavity filling rate, as
demonstrated by quantitative comparison (Yu et al., 2019). The
enhancement in molding performance is mainly attributed to three
ultrasound-induced effects: thermal softening, friction reduction
and stress superposition (Nguyen et al., 2015; Yu et al., 2020).
Specifically, ultrasonic vibration applied to the mold shortens the
actual contact time between the mold and the glass in each vibration

FIGURE 11
Effects of ultrasonic-assisted molding on the surface quality of molded lenses. (a) Simulated contact interface under GMP, (b) simulated contact
interface under UGMP, (c) illustration of filling rate calculation, and (d) comparison of filling rate for four different molding processes.
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cycle (Zhou, et al., 2017). This intermittent contact weakens
adhesion at the interface and contributes to more efficient
demolding. Furthermore, the superimposed vibration can
effectively weaken adhesion resistance, even when unpolished
and uncoated molds are used, potentially enabling desirable
demolding performance for molded glass arrays (Luo et al.,
2020). In addition, ultrasonic thermal effects help distribute stress
more uniformly, particularly in regions prone to stress
concentration, thereby reducing the risk of localized adhesion.
However, overly large vibration amplitudes should be avoided, as
they may introduce excessive interfacial gaps, leading to unwanted
adhesion or even glass fracture (Yu et al., 2019).

Finally, using vacuum or inert gas environments during molding
effectively reduces oxidation and adhesion. High temperatures increase
the likelihood of oxidation between glass and mold surfaces, causing
glass residue on the mold surface and increasing demolding resistance.
Glass lenses manufactured by PGM in a vacuum environment usually
have high forming quality. However, the industrial scalability of this
approach is limited due to the lengthy vacuum chamber cycling process,
including the time-consuming evacuation and repressurization steps.
Alternatively, nitrogen—owing to its chemical inertness—can be
introduced as a high-temperature cooling medium for both molds
and lenses, enabling faster cooling rates and enhancing overall molding
efficiency (Zhou et al., 2019; Zhou et al., 2023).

In summary, process optimization techniques—including precise
temperature and pressure control, ultrasonic field assistance, and
controlled molding environments—reduce adhesion forces between
mold and glass, enhancing mold longevity and product quality. The
combined application of these methods supports improved anti-
adhesion performance in PGM, providing a strong foundation for
high-precision optical component mass production.

5 Thermodynamics of adhesion

Adhesion in PGM involves multiple complex thermodynamic
factors, such as interfacial work of adhesion, material wettability,
and atomic interactions. Together, these factors govern the
interfacial behavior between glass and mold materials, impacting
molding quality and mold longevity. Understanding adhesion
thermodynamics is key not only for elucidating the mechanisms
of adhesion but also for developing more effective anti-adhesion
coatings and optimizing the molding process. This section explores
three core aspects of adhesion thermodynamics. First, the interfacial
work of adhesion quantifies the energy required to separate the glass
from the mold, serving as a primary measure of adhesion strength.
Second, wettability characterizes the spreading behavior of molten
glass on the mold surface and is closely associated with contact angle
at the interface, which can be controlled through material or coating
selection. Finally, atomic interactions, including physical forces and
chemical bonding, explain the fundamental nature of adhesion at
the molecular level.

5.1 Interface adhesion work

In PGM, interfacial adhesion arises from frictional forces and
chemical reactions at the glass-mold interface. The work of adhesion

(Wad) represents the energy required to separate two materials and is
expressed using the concept of surface free energy (Monfared et al.,
2017; Fernandez-Toledano et al., 2017). This measure is critical for
evaluating the durability of mold surfaces and ensuring a smooth
molding process. Defined as the energy required to separate two
adhering surfaces, the work of adhesion can be calculated with Dupré
equation as follows (Tadmor et al., 2017):

Wad � γmold + γglass − γinter (1)

where the γmold and γglass are the surface free energy (SFE) of the mold
surface and optical glass, respectively; γinter is the interfacial interaction
energy. Equation 1 illustrates that higher surface free energies or lower
interfacial energy lead to stronger adhesion. By selecting materials with
appropriate surface energies, interfacial adhesion can be effectively
controlled during the molding process. The surface energy
calculations can be further refined to account for crystal structure
and atomic configuration. The macroscopic atom (MA) model is
frequently used to estimate the work of adhesion, accommodating
both crystalline and amorphous materials by incorporating parameters
such as atomic concentration, surface enthalpy, and atomic degrees of
freedom in a vacuum environment. Take a compound AmBn and CxDy

as an example:
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where CS

i is the surface area fractions of component A, ΔHsurf
i is

the surface enthalpy of atom, fi is the vacuum degree, C0 is the
Avogadro number (the values usually being 0.31 and 4.5 × 108), and
ΔHinter

i j is the interface enthalpy for atom i fully surrounded by atom
j (its value can be found in Ref. (Bennett et al., 2005). By applying
Equations 2-4, the adhesive work for both amorphous and
crystalline contact interfaces can be determined.

This model is valuable for selecting mold and coating
materials, as it predicts adhesion behaviors across material
combinations, helping to avoid mold wear and surface defects
on glass. For instance, high-temperature softening glass materials
with lower surface energies are favorable for reducing adhesion,
whereas mold materials with similar thermal expansion
coefficients and high chemical inertness, such as tungsten and
tungsten carbide, mitigate interfacial reactions during high-
temperature molding. Studies demonstrate significant variations
in work of adhesion across mold-glass combinations: low-surface-
energy materials like PTFE (18.5 mJ/m2) and sapphire (638 mJ/m2)
effectively suppress adhesion in thermoplastic forming, whereas
high-surface-energy materials like Ni-P (1,093 mJ/m2) and Si
(1,250 mJ/m2) tend to exhibit stronger interfacial adhesion,
increasing the likelihood of bonding with glasses. (Monfared
et al., 2017). The corresponding adhesion work with La-based
metallic glass is 1774, 1,395, 1932 for Ni-P, sapphire and Si,
respectively. Additionally, coatings like DLC (684 mJ/m2), Si
(1,250 mJ/m2), and SiC (905 mJ/m2) on molds have shown
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excellent anti-adhesion properties, preserving surface quality with
lower work of adhesion values (Zhao et al., 2023).

5.2 Wettability

Wettability is a critical thermodynamic factor in PGM, particularly
at high temperatures where glass is in a semi-fluid state. It determines
the spreading and adhesion behavior of glass on the mold surface,
directly impacting glass distribution, flowability, and ease of demolding
(Pastewka and Robbins, 2014). Understanding the fundamentals of
wettability, including its concepts and measurement methods, is
essential for analyzing adhesion thermodynamics. Wettability reflects
the ability of a liquid to spread over a solid surface and is typically
measured by the contact angle. A smaller contact angle indicates better
spreading and stronger wettability, whereas a larger angle reflects poor
wettability.

In PGM, wettability at high temperatures is crucial. Measuring
high-temperature contact angles involves placing a small glass
piece (either a chip or cylindrical glass) on the mold coating,
heating it above the glass transition temperature (Tg) to reach a
flowing or semi-flowing state, and recording the contact angle
between the molten glass and the mold coating using high-speed
cameras to capture dynamic changes. Different coating materials
exhibit distinct wettability and anti-adhesion characteristics at
elevated temperatures. High wettability on a mold surface
promotes glass adhesion, whereas low wettability reduces
interfacial adhesion (Zhang L. and Yan J., 2022). The measured
high-temperature contact angles between molten D-K59 glass and
three materials—crystallized Zr55Cu30Ni5Al10 metallic glass, WC,
and Si—were approximately 153.8°, 145.3°, and 122.7°, respectively.
These results indicate that the crystallized metallic glass
demonstrates superior resistance to glass adhesion compared to
WC (Sun S. D. et al., 2022). For enhanced mold longevity and
minimal glass residue, coatings with larger high-temperature
contact angles, such as α-Al2O3 and DLC, are preferred due to
their low wettability and reduced glass adhesion (Zhang, et al.,
2020b). The contact angles of Ta and α-Al2O3 coatings were close
as 136.1° and 132.2°, respectively, whereas the DLC coating
exhibited a slightly higher value of 151.8°. With rising
temperature, α-Al2O3 coating displayed a significant reduction
in contact angle, dropping to 108.1° at 690 °C. Notably, α-Al2O3

still maintains a large contact angle below 700 °C, exhibiting
excellent anti-adhesion properties. Similarly, by optimizing the
structure of Re/Ir coatings on WC-based molds, superior anti-
sticking performance can be achieved at high temperatures,
reducing glass adhesion (Wei et al., 2019).

The wettability between specific mold and glass materials varies,
influencing adhesion behavior accordingly. PGM glasses, such as
visible-transparent D-ZK3 and IR-optimized IRG206, differ in
properties like molding temperature and thermal sensitivity. α-
Al2O3 coatings show low wettability with both D-ZK3 and
IRG206, making them suitable for forming these glass types,
whereas DLC coatings are more appropriate for molding lower-
temperature IR glass (Zhang L. et al., 2020). By comparing
wettability data across coating-glass pairs, mold coatings can be
tailored to match specific glass types, facilitating more efficient
molding processes.

5.3 Atomic interactions

Considering demolding adhesion mechanisms, physical and
chemical adhesion are the two predominant contributors. In
physical adhesion, van der Waals forces and electrostatic
interactions play key roles. Surface topography—such as
microscopic asperities and indentations—on the mold can influence
the real contact area with the glass, thereby affecting the magnitude of
van der Waals interactions. In terms of chemical adhesion, the high-
temperature and high-pressure environment duringmolding facilitates
interfacial atomic or molecular diffusion, potentially triggering
chemical reactions and the formation of interfacial bonds. Studies
have revealed that the adhesion between glass and protective coatings
such as Pt, PtIr, and Ir strongly correlates with changes in surface
composition. Specifically, Pt-containing coatings can form Pt–O–Si
bonds at the interface upon contact with glass. As the Pt content
increases, the surface concentration of Si, Na, and K also rises, leading
to an increase in adhesion strength (Saksena et al., 2021). Additionally,
surfaces of mold materials such as WC and various alloys are prone to
oxidation at elevated temperatures, which can lead to the formation of
oxide layers. These oxide layers may chemically interact with the glass
or enhance interfacial bonding, thereby resulting in increased adhesion
forces during demolding (Li K. S. et al., 2020; Akhtar et al., 2024).

In the field of simulation and modeling, molecular dynamics
(MD) simulations offer atomic-scale insights into the interfacial
mechanisms between glass and mold materials. By constructing
accurate atomic models, MD simulations can directly observe the
interactions between atoms, as well as the formation and breakage of
chemical bonds in real time. For example, in the Cu/amorphous
SiO2 system, the adhesion strength significantly increases when the
copper layer is fully oxidized (Figure 12). This enhancement is
attributed to the formation of stronger chemical bonds between the
oxidized copper and silicon atoms in SiO2, which shifts the fracture
interface from the Cu/SiO2 interface to the oxidized layer/crystalline
Cu interface (Urata et al., 2018). Moreover, during the demolding
stage after glass molding, a fraction of silicon atoms can remain on
the mold surface—an atomic-scale adhesion behavior that can be
captured through MD simulations (Huang et al., 2022). Regarding
the van der Waals and electrostatic interactions at the demolding
interface, it has been found that for a given contact area, the non-
bonded interaction energies showminimal variation across different
nanostructure shapes, suggesting that such interactions are
primarily governed by the interfacial contact area (Yang et al.,
2019). Collectively, these studies indicate that demolding
adhesion results from a combination of physical interactions,
chemical bonding, and interfacial structural evolution. Both
experimental and simulation approaches are effective in
elucidating the adhesion mechanisms across different material
systems. However, current research on adhesion formation at
glass molding interfaces remains limited in both scope and
depth, warranting further investigation in future work.

6 Summary and perspectives

Significant progress has been made in elucidating the interfacial
mechanisms underpinning mold-glass adhesion in precision glass
molding, alongside the development of various mitigation strategies.
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Nevertheless, critical challenges remain in optimizing interfacial
adhesion to ensure mold durability and enable scalable
manufacturing of advanced optical components. Protective
coatings—such as DLC, Pt-Ir, and Re-Ir—have demonstrated
promising anti-adhesion properties due to their low friction,
chemical inertness, and thermal compatibility. Yet, their long-term
performance is compromised by cyclic thermal stresses, leading to
delamination and degradation. A deeper understanding of coating-
glass interactions under dynamic conditions is urgently needed to
inform the rational design of robust, anti-sticking surfaces.

Process parameters such as molding temperature, compression
force, and hold time are key determinants of adhesion strength, yet
their synergistic effects remain insufficiently understood.
Developing predictive models that couple these parameters with
interfacial stress evolution and defect formation—such as elemental
interdiffusion, coating degradation, and microcracking—will be
essential. Future studies should integrate thermal cycling
experiments with advanced characterization techniques (e.g.,
SEM, XPS) to uncover the mechanistic pathways by which
specific parameter combinations modulate adhesion.

Importantly, the demolding process involves complex interfacial
separation dynamics influenced by high-temperature wetting
behavior, thermal shrinkage, and residual stresses. Adhesion is
not merely a reversible contact phenomenon but is governed by
localized stress states, cooling uniformity and surface condition
heterogeneities. Investigating the early-stage interface

formation—prior to the full application of molding
pressure—and modeling separation dynamics via fracture
mechanics frameworks may yield more accurate predictions of
release conditions and critical energy thresholds.

At the atomic scale, interfacial adhesion arises from a complex
interplay of van derWaals forces, electrostatic interactions, and in some
cases, stronger ionic or covalent bonding. However, for the
multicomponent glasses used in molding, accurate interatomic
potentials remain limited. There is a growing need to identify how
atomic-scale features—such as local coordination environments,
surface terminations and defect states—influence adhesion behavior
under processing-relevant conditions. A mechanistic understanding of
these interactions will open avenues for tailoring interfacial chemistry
and structure, ultimately enabling the design of surfaces that resist
adhesion by design.

Together, these insights lay the groundwork for a new
generation of materials and strategies aimed at mastering
interfacial adhesion in precision glass molding—transforming
current limitations into opportunities for high-throughput, high-
fidelity production of next-generation optical systems.
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