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Abstract 
This study presents a comprehensive analysis of the most important criteria 
influencing the precision glass molding (PGM) cycle, which was proposed us-
ing the finite element (FE) method through the MARC system. The FE models 
used in numerical simulations were compared with the experimental results 
of the first phase. The results showed that a significant increase in residual 
stress in N-BK7 optical glass was manifested in the heating phase in 192 sec-
onds at a temperature of 125˚C. The deformation measurement results of se-
lected experimental samples confirmed the high quality of the surface of the 
moldings and the accuracy of PGM production. Based on the evaluation of the 
results, the conditions for the production of photovoltaic glass components 
were proposed. 
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1. Introduction 

The development of glass extrusion molding technologies is based on the possi-
bility of utilizing the advantages of direct and indirect molding to produce glass 
optical elements of complex geometry in a cost-effective manner. Glass, recently 
redefined as a non-equilibrium, non-crystalline condensed state of matter [1], 
contains a glass transition region in which it exhibits manifest viscoelastic behav-
ior. Other extremely valuable properties of glass, especially its heat resistance, re-
fractive index, hardness, light transmission, and stability against extreme environ-
mental changes, describe why this material often replaces polymers in many opti-
cal applications. Therefore, efficient development and production of optical com-
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ponents is a major challenge for the glass industry. Precision glass molding 
(PGM), as a method of isothermal molding, particularly for small optical parts, 
can ensure perfect internal and surface quality of the product and high shape ac-
curacy [2]. The production quality of PGM technology is affected by three main 
problems: shape instability during cooling and after molding, changing optical 
properties of glass owing to structural relaxation and residual stress, and deterio-
ration of the mold quality. The dependence of the physical and virtual process 
chains of molding during the development and optimization of glass molding 
technology is shown in Figure 1. 

 

 

Figure 1. Development and optimization of glass molding technology - dependence on 
physical and virtual routes. 

 
An effectively chosen production procedure must simultaneously enable the 

correction of several factors, preferably using a combination of numerical simu-
lation and verification of the forecast of the result by effective physical modeling. 
During the molding cycle, glass first passes through the heating phase into a liquid 
state with a viscosity range of 108 - 109 Pa·s at a temperature close to the dilato-
metric softening point (Td) in the isothermal PGM process, even above Td [3]. The 
glass transition temperature (Tg) is the temperature at which the material changes 
its behavior from glassy to brittle, elastic, and flexible. The reference viscosity is 
approximately 1011.3 Pa·s [4]. The quality of molding, which is significantly af-
fected by residual stress, depends mainly on the temperature history caused by the 
variability and heterogeneity of the deformations of optical glass [5] [6]. This is 
an area in the so-called supercooled metastable liquid region, cooling above the 
glass Tg, which can cause large geometric and qualitative deviations in the glass 
product. Such complexity often leads to the previously mentioned residual stress 
and distortion of the molding shape, which causes unexpected defects in the op-
tical function. Molding influenced by residual stress in the formed component 
changes the refractive index and Abbe number of optical glasses [6]-[9]. For these 
reasons, the above-mentioned temperature-dependent problems were investi-
gated in this study, and the FE method was used by applying elastic-plastic and 
viscoelastic models through the MARC system. The Marc system comprises a se-
ries of integrated programs that facilitate the analysis of engineering problems in 
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terms of structural mechanics, heat transfer, and electromagnetics. 

2. Methods 
2.1. Glass Molding Behavior-Theory 

Glass behaves as an elastic solid at low temperatures, and as a Newtonian liquid 
at extremely high temperatures. For an elastic body, the stress at t > 0 is a function 
of deformation [10]-[13]. 
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For a viscoelastic body, the stress σ is a function of the deformation 𝜺𝜺 but also 
time t: 
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As previously mentioned, glass behaves viscoelastically near Tg [14]. Unchilled 
and toughened glass exhibits lower tensile moduli than chilled glass, with the 
Young’s modulus of elasticity E of the clouded glass being lower by approximately 
7%. The Poisson’s constant μ is the proportionality constant between the relative 
strain in the stress direction and the relative strain in the direction perpendicular 
to the applied stress. In the molding temperature range, the stress and strain re-
sponses of the glass material strongly depend on time under specific loads. The 
generalized Maxwell model, which has proven to be an appropriate constitutive 
model for glass materials, is commonly used to describe such material behavior 
[15]. In addition to the Maxwell stress relaxation model, the material specification 
of the FE model can be expanded to include structural relaxation through the Na-
rayanaswamy model (3), which has been used for many years in the FE modeling 
of technological processes associated with glass production in glass-transition 
temperature areas. The reference relaxation time τref of the glass corresponds to 
the reference temperature Tref and in general depending on the temperature, the 
relaxation time can be given as follows: 

1 1expref
ref f

H x x
R T T T

τ τ
  ∆ −

= − − −      
                 (3) 

where x is a fractional parameter with a value of 0 - 1, ∆H is the activation energy, 
and R is the gas constant. The fractional parameter x determines the extent to 
which the fictitious temperature affects relaxation time. Typically, for the response 
function, using assumption (3), the following applies: 
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where ( )g i
W  is the weighting coefficient, for which it holds that ( ) 1gi i

n w ≈∑   

[16]. Usually, bulk glass deformation behavior at a low strain rate above the yield-
ing point is modeled by the Newtonian incompressible law [17], described in 
terms of equivalent stress σ and strain rate as given by: 

3σ ηε=                                 (6) 

where η is the viscosity of glass, which can be obtained using the Vogel-Fulcher-
Tamman equation. However, Chang et al. [18] found that the flow stress function 
did not follow Newton’s exact law for fluids and revised it by modifying the expo-
nent of the strain rate based on their experimental results. A similar phenomenon 
was observed in this study. According to the properties of the N-BK7 glass, a mod-
ified flow equation was adopted in the FE simulation, as follows: 

1.23 0.3σ ηε= +                            (7) 

It should be mentioned that heat transfer continues during pressing. In this 
case, the heat was transferred to the glass preform from both the upper and lower 
molds. However, if the glass preform is sufficiently soaked to achieve a uniform 
temperature distribution within the glass preform during the heating stage, the 
heat transfer during pressing will be insignificant and will not affect the constants 
in Equation (7). In order to validate the modified flow Equation (7), it is recom-
mended that rheological experiments be conducted on N-BK7 glass at processing 
temperatures in the range of 500 - 700˚C, which are typical for precision glass 
molding applications [19] [20]. Compression or shear tests performed at various 
strain rates can be used to characterize the stress-strain rate relationship. The re-
sulting experimental data can then be used to empirically determine the material’s 
flow behavior, which may be accurately described using a power-law model of the 
form: 

0 nKσ ε σ= +                            (8) 

In this model, K denotes the strength coefficient, a material constant that char-
acterizes the material’s overall resistance to deformation. This parameter is de-
pendent on both temperature and the intrinsic properties of the material. The 
term ε  represents the strain rate, which defines the rate at which deformation 
occurs over time. The exponent n is the strain rate sensitivity, a dimensionless 
parameter that quantifies the dependence of flow stress on the strain rate. A higher 
value of n indicates greater sensitivity, meaning that the flow stress increases more 
significantly with rising strain rate. The parameters K, n, and σ0 can be determined 
through nonlinear regression analysis, thereby providing empirical validation and 
supporting the applicability of the proposed flow model. 

The frictional force between the glass and molds during pressing was modeled 
as constant shear friction [21], which can be defined as: 

0sf mτ=                              (9) 

where fs denotes the frictional stress, τ0 denotes the shear yield stress, and m de-
notes the friction factor. In this study, a value of 1.0 was assigned to m, assuming 
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complete adhesion between the glass and molds without slip. Under this condi-
tion, the friction stress was a function of the yield stress of the deformed glass. An 
analysis of the PGM using the FE method was performed with the aim of revealing 
the mechanism of the course of residual stresses and determining the final shape 
of the molding. The material specifications used in the MARC system calculations 
were defined in accordance with theoretical assumptions and available infor-
mation [22]. 

2.2. Materials Properties and Boundary Conditions 

The Nanotech 140 GPM device on which the experiments for this research were 
performed was equipped with a single molding chamber with a diameter of 140 
mm [23]. In the experiment, the molds were made of HF15 tungsten carbide, the 
jaws were made of 1.4301 X5CrNi 18-10 stainless steel and the preform was made 
of N-BK7 optical glass with a cylindrical shape. The detailed thermal and me-
chanical properties of both the optical glass and the tungsten carbide are listed in 
Table 1 [24]-[28]. To prevent oxidation of the molds during heating in the mold-
ing chamber, N2 was used to purge the atmosphere. The aim of this research was  

 
Table 1. Detailed thermal and mechanical properties of optical glass and tungsten carbide. 

A. Properties 
N-BK7 optical 

glass 
Tungsten carbide 

forms 

Young’s modulus of elasticity, E [MPa] 82,500 570,000 

Poisson’s constant, ν 0.206 0.22 

Density, ρ [g/cm3] 2.51 14.65 

Coefficient of thermal expansion, [˚C−1] 8.3 × 10−6 - 

Thermal conductivity, λ [W m−1˚C−1] 1.1 63 

Specific heat, Cp [J kg−1˚C−1] 858 314 

Glass-transition temperature, Tg [˚C] 560 - 

Fixed coefficient of thermal expansion, αg [˚C−1] 5.6 × 10−6 4.9 × 10−6 

Liquid coefficient of thermal expansion, αi [˚C−1] 1.68 × 10−5 - 

Viscosity, η [M Pa·s] (at 685˚C) 60 - 

Refractive index nd, [−] 
1.51680  

(587.6 nm) 
- 

B. Structural relaxation parameters used in the numerical simulation 

Reference temperature, T [˚C] 685 - 

Activation energy/gas constant, ΔH/R [˚C] 47,750 - 

Fraction parameter, xa 0.45 - 

Weight factor, wg 1 - 

Structural relaxation time, τv [s] (at 685˚C) 0.019 - 

Stress relaxation time, τs [s] (at 685˚C) 0.0018 - 

A. Thermal and mechanical properties of N-BK7 optical glass and tungsten form carbide; 
B. Structural relaxation parameters used in the MARC/Mentat system [24]-[28]. 
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to identify the critical points of the molding cycle, the temperature of the top and 
bottom of the mold, position of the top mold, the pressing load applied to the 
molds, and corresponding times recorded in the experiments. The experiments 
were performed as follows: 

a) The molds and the preform were heated to a specified temperature above Tg 
at a heating rate of 1.05˚C/s, and the specified temperature was maintained for a 
sufficiently long period of time. 

b) The preform was molded at a specified temperature and constant speed until 
the press equipment reached a defined value, after which a constant press load 
was maintained for the actual molding to take place.  

c) Cooling the shaped compact from 610˚C to 142˚C at an average cooling rate 
of 0.89˚C/s.  

After a heating time of 125 s, the preform on the lower mold began to touch the 
upper mold, and both the load and displacement began to increase from zero, 
reaching the specified load value at 509 s. Therefore, a constant load of 2500 N 
was maintained, and the displacement increased over time to an asymptotic value. 
Furthermore, a creep process occurs in the viscoelastic material, in which the de-
formation continues to increase at a constant pressure. The remolding of N-BK7 
glass occurred in 60 s at 560 - 610˚C. Four cooling rates were selected to study 
their effects on the shaped samples. Twenty samples were shaped for five experi-
ments. The aim of the experiment was to verify the molding conditions for the 
production of a relatively large glass element for photovoltaic panels using the 
PGM method (Figure 2) through the MARC system using the elastic-plastic and 
viscoelastic models. 
 

 

Figure 2. Model of a glass component for 
producing photovoltaic panels.  

3. Results 

Using dimensional analysis, the key parameters of the molding process were iden-
tified by verifying the results. These parameters significantly influenced the pro-
duction process, resulting shape, and residual stresses of the molding, particularly 
during the cooling phase. The evaluation of the course of equivalent stress using 
the elastic-plastic and viscoelastic models in the MARC system as a function of 
time is presented in Table 2. 

In both the elastic-plastic and viscoelastic models of the numerical simulation, 
a significant increase in the stress in the glass was observed during the heating  
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Table 2. Numerical simulation - course of the equivalent stress as a function of time. 

Time 
[s] 

Course of equivalent stress [Pa] 

Elastic-plastic model Viscoelastic model 

50 

  

125 

  

567 

  

700 

  

800 

  

860 
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Continued 

989 

  

1301 

  

 
phase for 192 s at a temperature of 125˚C (Figure 3). Subsequent molding of glass 
occurs under isothermal conditions, either under the action of a constant pressure 
force or at a constant pressing speed in a defined time interval. At the end of mold-
ing process, the glass part is first cooled at a low speed, during which the com-
pressive force remains at an approximately constant level until the temperature of 
the glass to a value corresponding to the lower cooling temperature (η = 1013.5 
Pa·s). A key parameter of the PGM process that affects the final shape of the prod-
uct is the residual stress in glass. The residual stress depends mainly on the tem-
perature history in the supercooled metastable liquid region, which is caused by 
the variability and heterogeneity of optical glass deformations. This is the cooling 
area above the glass transition temperature, which can cause large geometric and 
qualitative deviations in the glass product. The results of the numerical simulation 
for different pressing forces showed a slight relationship between the pressing 
pressure and residual stress. To study the effect of the pressing temperature on the 
stress and geometry of the molded lens, the pressing force was set at a constant 
value of 2500 N, and the temperature was changed from 560 to 610˚C. 
 

 

Figure 3. Numerical simulation - equivalent stress at 125˚C and time 192 s. 
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For this reason, the molding process took place under almost isothermal con-
ditions in the optimal region above the glass-transition temperature, in which the 
material had an unstable non-equilibrium structure, and the viscosity of the glass 
ranged from 108 to 1012 Pa·s. The resulting shape of the curve, showing the course 
of the equivalent stress of the upper part of the mold and the N-BK7 glass as a 
function of time, was not the same in the numerical simulation for the elastic-
plastic model and viscoelastic models (Figure 4). Using the viscoelastic model, 
the increasing internal stress manifests slightly earlier in the glass than in the 
mold, particularly during the rapid cooling phase. Excessive stress on the edge of 
the glass element caused by an incorrect cooling rate can easily cause the molding 
to crack in practice. By applying the elastic-plastic model, the course of the equiv-
alent stress in the glass and upper part of the mold was most pronounced in the 
molding phase. The stress in the glass increased rapidly during the heating phase, 
until it approached the glass transition temperature. It is evident that the maxi-
mum stress appeared particularly at the edge and center of the glass element. 
Although the effect of pressure was insignificant, it was not observed during the 
molding phase when an equivalent stress was applied. The value of the pressed 
glass elements increased with time. With increasing temperature, the maximum  
 

 
 

 

Figure 4. Course of the equivalent stress of the upper part of 
the mold and N-BK7 glass as a function of time a) elastic-plastic 
model, b) viscoelastic model. 
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residual stress of the element decreased, leading to better flowability and lower 
glass viscosity. Furthermore, owing to structural relaxation in this temperature 
interval, the atomic structure that controls the properties of the material is 
strongly dependent on the time and temperature history. This makes the PGM 
process extremely sensitive to the molding temperature. This complexity often 
leads to residual stress and shape distortion in the molded lens, causing unex-
pected defects in its optical function. Evaluation of the numerical simulation re-
sults clearly confirmed that the internal stress of the N-BK7 glass was very small 
during the pressing phase. Based on the dependence of the equivalent stress on 
the molding temperature, it is possible to create an approximation of the molding 
conditions for the prediction of production parameters during the development 
of a photovoltaic component. It is also necessary to consider that the residual 
stress of the glass parts leads to a refractive index that negatively affects the quality 
requirements of the optical properties of the molding (the refractive index of N-
BK7 is 1.517 at 587.6 nm) [29] [30]. A combination of both models was used to 
capture the complex behavior of glass that exhibited both time-dependent and 
permanent deformation. The viscoelastic model is preferred for glass where time-
dependent behavior (creep and stress relaxation) is important and useful for cap-
turing the behavior of materials under cyclic loading. Verification of the FE out-
puts with the experimental results in the laboratory showed excellent agreement 
with the results, which confirmed the validity of our method for the further de-
velopment of photovoltaic glass components. 

4. Discussion 

The production parameters, which were compared to the values of the pressed 
glass parts for each numerical simulation, show how the volume and profile of the 
glass part change depending on the change in the process parameters. To evaluate 
the quality and shape of optical components, RMS methods (e.g., Root Mean 
Square (RMS) and PV (peak) methods) are most often used in production prac-
tice. Although the PV and RMS values were calculated from the same data as the 
interferometer measurements, their meanings were quite different. 

Surface Evaluation 
The results of the PV/W measurements of the moldings selected from the PGM 

production process are presented in Table 3. The calculated values of the radius 
of curvature of the upper part of the N-BK7_R 50 mm and N-BK7_R 100 mm 
moldings are almost comparable. The radius of curvature of the upper part of the 
N-BK7_R 200 mm molding was 0.47% higher than that of the N-BK7_R 100 mm 
molding, which was significantly reflected in the higher deformation of the surface 
of the glass molding. The edges between the surfaces are visibly rounded in the N-
-BK7_R 200 mm molding, particularly in samples 19 and 20. The typical PV/W 
values of machine-ground and polished glass components have a maximum value 
of 0.7 and a maximum radius of curvature <100 µm. The surface deformation of 
experimental samples in Table 3 confirms the need to know the criteria of the 

https://doi.org/10.4236/msa.2025.165017


G. Kehlerová et al. 
 

 

DOI: 10.4236/msa.2025.165017 298 Materials Sciences and Applications 
 

isothermal molding process for determining the most suitable initial and bound-
ary conditions of the PGM process. The evaluation of the deformation measure-
ment results of all the experimental samples confirmed the high quality and accu-
racy of the PGM. In manufacturing practice, it is quite common for the radius of 
curvature to be less than 100 µm. The surface deformation of selected experi-
mental samples in Table 3 confirms the necessity of determining the manufactur-
ability criteria based mainly on the PV value. For most optical products, an ideal 
value of 1/10 PV is required without specifying the test conditions and with a 
minimal budget. This results in an unmanufacturable component, an overesti-
mated price, or a reinterpreted specification by the supplier. During the produc-
tion process, it is nearly impossible to obtain an absolute 1/10 PV. Considering 
the possibility of a close analogy with the occurrence of errors in a PGM system, 
the performance impact of each parameter may only relate to the ability to match 
a particular error in the final system. 

 
Table 3. Deformation of the surfaces and the radius of curvature of the edges of experi-
mental samples a) the upper part of the N-BK7_R 50 mm molding, b) the upper part of the 
N-BK7_R 100 mm molding and c) the upper part of the N-BK7_R 200 mm molding. 

a) The upper part of the N-BK7_R 50 mm molding.   

Sample No. 
Size of one pixel 

[mm] 
Number of pixels 

[pix] 
PV 

[µm] 
PV/W 

01 17.570 612 0.795 0.07 

03 17.170 598 0.559 0.05 

05 16.910 589 1.150 0.12 

07 17.000 592 1.264 0.13 

Average: 0.09 

Experiment No. 
N-BK7 molding cycle process 

Sample No. 
Surface Deformation 

No. 1 

 

Sample 01_R50 mm D17 mm 

 

No. 3 

 

Sample 03_R50 mm D17 mm 
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Continued 

No. 4 

 

Sample 05_R50 mm D17 mm 

 

No. 5 

 

Sample 07_R50 mm D17 mm 

 

b) The upper part of the N-BK7_R 100 mm molding.   

Sample No. 
Size of one pixel 

[mm] 
Number of pixels 

[pix] 
PV 

[µm] 
PV/W 

08 17.26 536 0.599 0.06 

10 16.97 527 0.516 0.06 

12 16.94 526 1.057 0.12 

Average: 0.08 

Experiment No. 
N-BK7 molding cycle process 

Sample No. 
Surface Deformation 

No. 1

 

Sample 08_R100 mm D17 mm 

 

No. 3 

 

Sample 10_R100 mm D17 mm 
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Continued 

No.5 

 

Sample 12_R100 mm D17 mm 

 

c) The upper part of the N-BK7_R 200 mm molding.   

Sample No. 
Size of one pixel 

[mm] 
Number of pixels 

[pix] 
PV 

[µm] 
PV/W 

16 17.11 310 0.521 0.10 

17 17.17 311 0.334 0.06 

20 16.89 306 1.213 0.23 

19 16.89 306 1.056 0.20 

Average: 0.15 

Experiment No. 
N-BK7 molding cycle process 

Sample No. 
Surface Deformation 

No. 2 

 

Sample 16_R200 mm D17 mm 

 

No. 3 

 

Sample 17_R200 mm D17 mm 

 

No. 4 

 

Sample 20_R200 mm D17 mm 

 

https://doi.org/10.4236/msa.2025.165017


G. Kehlerová et al. 
 

 

DOI: 10.4236/msa.2025.165017 301 Materials Sciences and Applications 
 

Continued 

No. 5 

 

Sample 19_R200 mm D17 mm 

 

 
By evaluating the measured data, it is possible to conclude that: 
a) The change in conditions during the rapid cooling phase in experiments No. 

4 and No. 5 had a significant impact on the reduced quality of the surface of the 
molding compared with the course of experiment No. 1-3.  

b) The different rounding radii of the upper parts of the mold have an almost 
negligible effect on the quality of the molded surface. 

Based on the MARC results, it was confirmed that the internal stress of the N-
BK7 glass was negligible during the pressing phase. 

Based on the MARC results, it was confirmed that the internal stress of the N-
BK7 glass was negligible during the pressing phase. 

Because the maximum stress increases with an increase in molding speed, it is 
possible to assume that the degree of cooling in the PGM process above the glass 
transition temperature of N-BK7 can cause large deformations in the glass mold-
ing. At the same time, it is necessary to take into account that the residual stress 
of the glass leads to a change in the refractive index, which significantly affects the 
requirements for the quality of the optical properties of the molding. This initial 
FE model must be further developed and refined in accordance with physical test-
ing for further successful verification and use of the obtained data in the prepro-
duction phase. The results of measuring the deformation of selected experimental 
samples confirmed the high quality of the surface of the moldings and the accu-
racy of the PGM production. The study showed that the degree of cooling in the 
PGM process above the glass transition temperature of N-BK7 can cause large 
deformations in the shape of glass molding. Because the maximum stress increases 
with the increase in the molding speed, it is possible to assume that the entire 
molding cycle at this speed of 0.1 mm/s will be more suitable, especially for mold-
ing a glass part with a large diameter, i.e., also for a glass component for photo-
voltaic components. 

Compensation of Lens Profile Deviation in PGM via FE Method 
This study demonstrated that residual stress development in the PGM process 

is strongly influenced by temperature history, especially in the supercooled liquid 
region above the glass transition temperature. Numerical simulations using both 
elasticplastic and viscoelastic models revealed distinct stress patterns, with the vis-
coelastic model better capturing time-dependent behaviors such as creep and 
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stress relaxation. Higher molding temperatures resulted in lower residual stress 
due to improved flowability and reduced viscosity. Residual stresses, particularly 
at the edges and center of the glass element, can lead to geometric distortion and 
changes in refractive index affecting the optical quality of components like N-BK7 
glass. Accurate prediction and control of these stresses are essential for meeting 
optical performance standards. Key influencing factors include annealing rate, 
temperature distribution, hold-up force, release temperature, and interfacial heat 
transfer. Obviously, velocity vector distribution in the outer region of the glass 
piece is very uniform. From this point, we can say that choosing a suitable heating 
time is not only an important issue for prolonging the service life of molds, but 
also an essential step for improving form accuracy and optical property of the 
molded lenses. The initial maximum profile deviation of approximately 9 µm ex-
ceeds the accuracy requirements of high-precision optical lenses, which typically 
demand tolerances within λ/4 (0.1 - 0.2 µm). To address this, mold compensation 
was employed by incorporating the simulated deviation profile into the mold ge-
ometry. This iterative process, though traditionally time-consuming and costly, 
can be efficiently guided using FE simulations. In this study, after compensation, 
the maximum deviation was reduced to approximately 0.04 µm, well within the 
acceptable range. These results confirm that FE simulation based mold compen-
sation is an effective method for improving the accuracy and performance of pre-
cision-molded glass lenses. The strong agreement between simulation and exper-
imental results validates the modeling approach and highlights the need for fur-
ther investigation into the coupling between processing parameters, residual 
stress, and optical properties in advanced glass components. 

5. Conclusions 

This study presents a comprehensive analysis of the most important criteria in-
fluencing the PGM cycle, which was proposed using numerical simulation. The 
outputs of the FE models used in the numerical simulations were compared to the 
experimental results of the first phase. Their mutual comparison confirmed a sig-
nificant agreement between the simulation and real course of the PGM molding 
cycle. In the next phase, the evaluation of the experiments performed verified the 
fundamental effects on the resulting quality of molding with different shapes. The 
setting of the Nanotech 140 GPM device was evaluated as the most suitable for 
experiment No. 3, where the lowest rate was applied in the gradual slow cooling 
phase, i.e., at 1/4 of the initial value used in experiments No. 1, 4, and 5. This 
setting resulted in a significantly higher-quality molded surface. Surface irregu-
larities or deformations were analyzed to assess the quality of the molding, and 
the quality of processing was evaluated according to the sampling plan. Based on 
the evaluation of the results, the conditions for the production of photovoltaic 
glass components were proposed.  

While the findings provide valuable insights, the study is limited by its focus on 
a single geometric configuration. In real-world applications, precision glass com-
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ponents often possess aspherical or freeform geometries, which introduce more 
complex thermal and mechanical boundary conditions, potentially leading to dif-
ferent residual stress distributions and deformation behaviors. To enhance the 
generalizability and practical relevance of this work, future research should incor-
porate a wider range of geometrical profiles. 
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