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1 | INTRODUCTION

Elliot Wakelin

| ErhanKilinc | Paul A. Bingham

Abstract

In the first part of the study, we sampled and investigated the composition of
commercial glasses in the UK market from 2022 to 2023, as well as property data
provided by various models. In this part, we utilize principal component analysis
(PCA) to conduct a comparative analysis, integrating these data with the com-
position of commercial glass documented in previous literature. The widely held
belief that the composition of commercial soda-lime-silica glasses has remained
essentially unchanged over the past 30+ years is challenged by this research. The
differences in composition of current commercial glass compositions compared
to glasses from 30 to 40 years ago have been quantified. This not only sheds light
on the direction of travel and reasons for adjustments to UK glass compositions
over recent decades, but it also provides insights and predictions into the future
trends.

KEYWORDS
commercial soda-lime-silica glass, historical industrial glass composition, industrial glass
development

Hartford Empire Co. and Emhart Industries.”'° Some of
the most important surveys include those by Moore and

For actual compositions of industrial soda-lime-silica
glass produced over different periods during the past cen-
tury, especially container glass, has been notably lacking
in publicly available literature during certain periods and
particularly over the past three decades. However, if we
trace back to earlier literature, an early publicly available
survey on the composition of modern industrial glasses
goes back to 1920, in which Keppeler'? and Keppeler
etal.>* recorded container glass compositions from 1920 to
1941, mainly in Europe. The compositions of US container
glasses from 1932 to 1978 were monitored and reviewed by

Lyle who reviewed the period from 1932 to 1946°; Allen
and Lyle who reviewed 1947,° which is particularly inter-
esting due to the shortage of soda ash in 1947; Loesell
and Lester who reviewed the period from 1932 to 19607;
Lyle® who summarized the procedure for the design and
development of glasses for manufacture of containers in
1967; and finally, Stadler and Cronin who reviewed glass
compositions before 1977.”1° During the 1970s to 1980s,
Emhart Industries went through a turbulent period, as
its revenue in the United States was impacted by the
increasing popularity of Polyethylene terephthalate (PET)
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containers.'! As a result, its headquarters were relocated to
Zurich, and its survey on American container glass compo-
sitions could not be sustained.!! After that, Katkova et al.!?
introduced former USSR industrial packaging glass com-
positions and basic trends in 1985. Further publications
could not be identified until 2005, when Smréek published
his research on European container glasses from 1982 to
1988.13 Smrcek'#'¢ also published three comprehensive
reviews on the composition of flat, container, and pressed
glasses up to 1990 in 2005, and those reviews are some of
the most recent surveys in the public domain.

The records and data in the above literature are vital
and the sample size in each survey is quite substantial. But
the issues present in these studies are also quite signifi-
cant. Due to commercial confidentialities, individual glass
data are not presented in any of those surveys. Composi-
tions are all presented as averages according to time and
region, only ranges of components and chemical/physical
properties are presented without assignment, which, of
course, will have minimized the exposure of information
perceived as being commercially sensitive, but a signifi-
cant amount of corresponding information, especially the
compositional differences between glass manufacturers
within the same period, same region, and with uniform
equipment levels, is not published. This conservatism
unfortunately restricts the use of statistical methods for
data analysis, further limiting the extraction of available
information. For all those surveys, the statistical meth-
ods are simple, with the mean and histogram being the
most common methods. In a sense, these limitations sig-
nificantly impact the value of those surveys. Somewhat
ironically, any potential perceived perceptions of commer-
cial sensitivity around glass compositions, if they were
indeed a contributing factor, have helped drive our present
study. Any manufacturer who wishes, or wished, to know
the composition of its competitors’ products could have
simply followed the same approach as we have used in
the present study: obtained glass containers and flat glass
samples and analyzed them.

Since around 1970, the primary driving force behind
changes in the composition of industrial glass raw materi-
als has been cost reduction.®!” It has been widely believed
that the composition of commercial soda-lime-silica glass
has not changed significantly since then. As a result, the
perception of commercial soda-lime-silica glass compo-
sition has gradually shifted from being dynamic to static.
In this work, based on the chemical composition and per-
formance characterization results of current commercial
glass samples collected from the UK market between 2022
and 2023 in the first part, principal component analy-
sis (PCA) was used for analysis. Contrary to perceptions
within the glass industry and more widely, this study has
not only identified differences in the compositions of cur-

rent commercial glasses, but also found that the range of
compositions in current commercial glasses differs from
those 30 to 40 years ago. Quantitative analyses have been
conducted on the trends in glass compositional changes
and their impact on glass properties. The possible reasons
for these changes in glass compositions have been further
clarified. Moreover, the facts show that glass compositions
remain dynamic.

2 | METHODOLOGY

It is well known that mathematics serves as a crucial
tool in guiding the advancement of materials science.
The essence of the complex glass composition is a set
of high-dimensional data according to the percentage
of components, directly analyzing and discussing the
characteristics of glass compositions based on the high-
dimensional glass composition data may unavoidably
carry a sense of subjectivity and insufficiently comprehen-
sive; and the challenges precisely lie in this aspect. PCA
is a mathematical technique employed for dimensional-
ity reduction or restructuring information in datasets. This
analytical method has already started being employed in
glass science research.'®"?° PCA serves as a dual-purpose
technique, bridging statistics and machine learning. Sta-
tistically, PCA transforms data into orthogonal principal
components (PCs) that capture the most significant por-
tion of data variability, ordered by variance, offering an
avenue to explain data variability. The computation of
PCs follows simple guidelines. The first PC represents the
direction in the data that explains the highest variability.

The subsequent PCs are orthogonal to the preceding PC
and account for the maximum remaining variability.”! In
machine learning, PCA acts as a dimensionality reduction
tool for high-dimensional datasets, curbing redundancy,
enhancing model performance, and avoiding dimension-
ality issues. This technique is categorized as unsupervised
learning due to its label-independent nature.

In this study, we employ PCA to conduct dimensional-
ity reduction and classification of glass composition. First,
we consider each component present in the collected glass
samples as a dimension and standardize the data to have
zero mean and unit variance. This standardization is cru-
cial as it ensures that all components contribute equally
to the analysis, preventing components with larger scales
from dominating the PCA results. We then calculate the
correlation matrix of the standardized data, which rep-
resent the linear relationship between glass components.
Through the analysis of the correlation matrix, we can
identify the PCs that explain the most variance in the orig-
inal data, thereby achieving dimensionality reduction and
extracting important features related to glass components.
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research by Smréek® (in wt%).
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The historical flint glass composition data for principal component analysis (PCA) in this work are excerpted from tab. 1 in the

Label Sio, AL 0, Fe,0; CaO MgO Na,O K,0 SO, Sum
68-71GE 68.814 965 .063 8.761 1.021 18.490 1.886 .000 100
91-99GE 70.384 1.015 .000 8.647 .000 16.888 3.066 .000 100
0915GE 74.188 1.099 .038 8.305 511 15.235 .624 .000 100
2326GE 73.166 .876 .079 8.969 479 15.461 .532 437 100
2731GE 72.873 .663 .056 10.307 .980 13.970 .889 .262 100
3337GE 75.136 .685 .038 9.182 .256 12.756 1.947 .000 100
4650GE 71.824 .832 .060 8.969 .548 16.606 .691 470 100
7177GE 73.208 .954 .016 11.173 1.604 12.537 .289 219 100
8082GE 71.947 913 .022 10.800 2.636 13.143 344 195 100
8387GE 72.354 .954 .020 10.570 2.966 12.578 .408 150 100
8891GE 71.759 1.124 .019 10.666 3.766 12.071 .490 105 100
Note: “GE” means Germany; “8387GE” means German glass from 1983 to 1987, for 19 century’s glasses marked with “~,” such as German glass from 1891 to 1899
was labeled as 91-99GE.
PCA scores signify sample positions on PCs, while loadings % -0.5 0.0 0.5 1.0
depict feature importance.
The PCA 95% confidence ellipse visually captures vari-
ability and uncertainty, facilitating comprehension of data o ¢ 03
distribution, patterns, and relationships, thereby enhanc- 1
ing data analysis and decision-making prowess. In addi- S
tion to clarifying the differences between the current glass i o el
compositions that characterized in this work, the average Qo RV ] L
compositions of historical commercial glasses of different § R, e
regions and time periods from review of Smréek*™7 were -
also referenced here. These historical commercial average -2 e Germiygases | Wazs
compositions were included in the PCA analysis alongside 95% Confidence Ellpse for 1023 -0.5
the glass compositions of this study. The PCA analysis can _’:d"""” forfiserical leses
be implemented using various software. In our study, we -4 —_— . . . .
utilized the PCA component of Origin® to achieve data . 2 g 0 ' 2 3 4
analysis and visualization. PC1 (41.1%)
FIGURE 1 Principal component analysis (PCA; PC1 and PC2)

3 | DATA PREPARATION—HISTORICAL
COMMERCIAL GLASS COMPOSITION
DATA

The historical glass composition data for PCA plots,
which excerpted from the comprehensive review work of
Smréek," are listed here (all compositions are normalized
to 100%) (Tables 1-4).

4 | RESULTS AND DISCUSSION

4.1 | Flint container glasses

As an important part of container glass, flint container
glass comprises 64% of total container glass production.?
Figure 1 presents the PCA analysis results of the compo-

biplot of current flint container glasses composition (in red and
black) and historical flint glass composition from the record of
Smréek® (in cyan, and marked according to the year and region,
“GE” means Germany; “8387GE” means German glass from 1983 to
1987, for 19 century’s glasses marked with “-,” such as German glass
from 1891 to 1899 was labeled as 91-99GE).

sitions of flint container glasses. PC1 and PC2 refer to the
first and second PCs, respectively. PC1 represents the direc-
tion in the data that capture the most variance, while PC2
represents the direction orthogonal (perpendicular) to PC1
that captures the second most variance, and so on. Histor-
ical glass composition data of flint glasses from Smrcek’s
review” are included in the diagram for reference and
comparison purposes.

The current flint glass compositions are predomi-
nantly clustered along the negative axis of the horizontal
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TABLE 2 The historical green glass composition data for principal component analysis (PCA) in this work are excerpted from tab. 5 in

the research by Smrcek® (in wt%).
Label Sio, AL 0, Fe,0; CaO MgO Na,O K,0 SO, Sum
84-89GE 58.580 8.200 2.050 17.300 1.530 10.090 2.250 .000 100
89-91GE 63.130 3.410 3.020 15.400 2.240 9.630 3.170 .000 100
0409GE 64.160 7.370 2.190 14.640 2.140 7.930 1.570 .000 100
1013GE 62.390 8.820 1.670 15.040 2.150 7.630 2.300 .000 100
15GE 63.590 9.350 1.870 13.930 2.700 7.620 .950 .000 100
2425GE 63.830 7.320 1.580 14.840 1.240 9.500 1.190 .510 100
2627GE 64.590 6.180 2.020 12.840 1.500 10.230 2.130 .510 100
2829GE 65.160 6.110 2.050 12.700 .980 10.630 2.370 .000 100
3032GE 63.750 7.340 2.120 13.710 1.330 8.860 2.390 .500 100
3437GE 64.360 6.960 2.270 15.790 .710 8.170 1.740 .000 100
4550GE 65.630 5.900 1.050 11.780 .900 12.630 1.720 .390 100
7077GE 72.100 2.150 .370 10.250 1.620 12.560 .740 210 100
8290GE 71.680 2.320 .350 9.900 2.290 12.500 .860 .100 100
8387IT 69.601 2.988 .361 9.364 2.567 13.806 1.203 110 100
88UK 72.142 1.852 .310 10.561 1121 13.383 .601 .030 100
7190CZ 71.479 2.056 491 8.795 2.708 13.558 .662 251 100

Note: “G” means Germany; “It” means Italy; “CZ” means Czechia; “1013G” means German glass from 1910 to 1913, for 19 century’s glasses marked with “-,” such

as German glass from 1889 to 1891 was labeled as 89-91G.

TABLE 3

the research by Smréek® (in wt%).
Label Sio, AlL0; Fe,0; CaO
13GE 70.166 3.373 .000 8.581
2537GE 72.974 .680 .200 6.987
4650GE 72.411 1.623 242 7.835
7283GE 72.322 1.854 271 10.302
8490GE 71.320 2.268 331 10.406
2630UK 71.828 1.803 371 9.935
8088UK 72.766 1.881 250 10.965
6889IT 71.351 1.500 .079 10.056
7888FR 72.371 1.987 151 11.050
7189CZ 72.975 1.423 231 7.348
88BE 72.046 1.770 201 8.497
83DK 71.513 2.370 229 10.306

The historical amber glass composition data for principal component analysis (PCA) in this work are excerpted from tab. 4 in

MgO Na, 0 K,0 SO; Sum
1.327 16.554 .000 .000 100
1.509 16.752 .900 .000 100
222 16.628 1.039 .000 100
1.423 13.198 .581 .050 100
2.308 12.484 .863 .020 100
.691 15.373 .000 .000 100
.190 12.846 1.061 .040 100
3.030 13.244 725 .015 100
1.094 12.906 391 .050 100
3.949 13.543 491 .040 100
2.504 14.550 422 .010 100
2.250 12.536 797 .000 100

Note: Marked according to the year and region, “GE” means Germany, “IT” means Italy, “BE” means Belgium, “CZ” means Czechia, “DK” means Denmark, and

“FR” means France.

coordinate, while most historical glass compositions are
situated in quadrants 1 and 4. Moreover, when compared
to other historical glass compositions, the current glass
compositions form clusters that align with those from 1971
to 1991. By focusing on this region, as depicted in Figure 2,
the current glass compositions segregate into two distinct
clusters. Cluster 1 comprises F03, F07, F02, and F09,
which are closely associated with the glass compositions
from 1971 to 1991. The second cluster includes F10, FO05,

F04, F06, and FO1, and it is separated from Cluster 1. FO8
stands alone as an isolated composition.

These findings suggest that a portion of the current flint
glass compositions (Cluster 2) already differ from the flint
glass compositions of 1977-1991. However, another portion
of the current glass compositions (Cluster 1) falls within
the range of the previous compositions, indicating that the
compositions in Cluster 1 are similar to those from 1977 to
1991 compared to Cluster 2. Cluster 2 represents current
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TABLE 4 The historical float glass composition data for principal component analysis (PCA) in this work are excerpted from tab. 6 in

the research by Smréek™ (in wt%).

Label Sio, AL, 0, Fe,0; CaO

8687GE 72.324 460 .080 8.552
8799GE 72.650 .561 102 8.772
7683FR 71.259 .370 .081 9.620
6099UK 72.532 1.189 128 8.661
8387BE 71.406 .651 .066 9.499
8399IT 71.730 1.094 104 8.924
84US 72.931 190 122 8.572
87NL 71.107 .863 .062 8.690
89CH 72.894 1.162 102 8.377
71-90CZ 72.637 .760 .049 8.454

MgO Na,0 K,0 SO; Sum
4.451 13.753 120 .260 100
3.975 13.559 220 .160 100
4.080 14.100 120 .370 100
3.596 13.036 .619 .240 100
4.018 13.888 .210 .261 100
3.955 13.431 522 241 100
4.066 13.639 .000 481 100
4.987 13.949 .100 241 100
3.868 12.996 401 .200 100
3.882 13.657 320 .240 100

Note: Marked according to the year and region, “GE” means Germany, “FR” means France, “BE” means Belgium, “IT” means Italy, “CZ” means Czechia, “CH”

means Switzerland, and “NL” means the Netherlands.

1047 T T T T T T ]
Cluster 2 Cluster 1
0.5 -
S 004 .
“
Q
O 0.5 4
g - oF08
1.0 -
1.54 -
T T T T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
PC1 (41.1%)
FIGURE 2 Zoom in principal component analysis (PCA) score

plot of current flint container glasses composition (in black) and
historical flint glass composition from the record of Smrcek since
1971.5 (The strategy of amplifying rather than redoing PCA
considers and preserves the influence of historical glass data in the
overall composition distribution of existing glasses.)

trends in the development of flint glass compositions for
container glass production.

To enhance the understanding of trends and varia-
tions in the evolution of constituents, the results obtained
by unfolding the glass compositions of this study in the
direction of the first PC (PC1), from small to large, are
presented in Table 5. The sequential variations in glass
compositions clearly demonstrate a discernible pattern.
Specifically, Cluster 2 shows an average Al,O3; wt% of 1.253
wt%, which is notably lower than the 1.671 wt% observed
in Cluster 1. Furthermore, Cluster 2 has an average Na,O
wt% of 12.274 wt%, which is lower than the 13.332 wt% in

Cluster 1. Cluster 2 exhibits an average MgO wt% of 1.787
wt%, which is notably higher than the 1.238 wt% in Clus-
ter 1. For CaO, Cluster 2 displays an average of 11.489 wt%,
which is slightly higher than the 11.012 wt% in Cluster 1.

It is important to note that the primary distinction
between the two clusters is evident in PC1, and the con-
tribution of each component vector to PC1 is consistent
with the analysis results mentioned above. In summary,
the trends observed in the evolution of flint container glass
constituents, as revealed by PCA, relative to the histori-
cal composition from 1971 to 1991 and some of the current
glass compositions (Cluster 1), can be summarized as fol-
lows: decreased aluminum content, comparatively lower
sodium content, reduced magnesium content, and slightly
elevated calcium content.

Concerning regional differences, first, the Indian glass
that falls into Cluster 1 is an anomalous data point
compared to the others. Although its compositional char-
acteristics are closer to Cluster 1 compared to Cluster 2,
it undoubtedly “deviates further.” It exhibits significantly
lower Al,O; and the lowest CaO among other Cluster 1
glasses. Among all the glasses, F09 has the lowest SiO,,
highest MgO, and Na, O content. If we extend our observa-
tions of glass composition to PC3 as shown in Figure 3. The
proportion of PC3, which accounts for 15.6% of the variance
in the interpretation system, indicates that the composi-
tion of Indian samples in the PC3 direction is different
from Cluster 1, 2, and even most historical compositions.
It occupies a unique domain in the PC space of 1, 2, and
3, which collectively explain 78% of the variance in the
interpretation system.

Directly observing FO9 without utilizing PCA would
lead to it being perceived as significantly deviating from
the average value of other glass compositions, making its
classification into any specific glass category impossible.
However, by employing PCA technique, not only was F09
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TABLE 5 Flint container glass compositions of this study in the direction of principal component 1 (PC1).
United United United United United United United United
Region Denmark Kingdom Kingdom Kingdom Kingdom Kingdom Kingdom Kingdom Kingdom India
Cluster 2 Cluster 1
Sample
(Wt%) F10 FO05 Fo4 Fo6 Fo1 FO8 F02 FO7 FO3 F09
Sio, 72.707 72.654 72.597 72.738 71.945 72.459 72.693 72.552 71.977 70.378
Al,O4 1.215 1.241 1.372 1.209 1.229 1.533 1.6f  1.725 1.741 1.531
Fe, 05 .057 .067 .059 .077 .07 .027 .058 .057 .068 129
CaO 11.767 11.715 11.609 11.258 11.095 9.901 11.0°  11.153 11.571 10.244
MgO 1.695 1.708 1.688 1.876 1.968 2.258 676 .71 762 2.802
Na,0O 11.96] 12.026 12.055 12.224 13.106 13.524 13.00  13.052 13.118 14.071
K,0 .346 .398 404 391 .383 .04 522 .561 575 .523
TiO, .03¢ .05 .059 .049 .057 .044 .0. .053 .055 .072
Zr0O, .008 .005 .004 .004 .004 .003 .004 .004 .004 .01
SO, .20¢ 133 151 172 141 21 8 132 126 .239
Cr,03 .002 .003 .002 .002 .002 .001 .002 .001 .003 .001
Sum 100 100 100 100 100 100 100 100 100 100

Mg0 -2

9109

PCI (41.1%)

FIGURE 3 Principal component analysis (PCA; PC1, PC2, and
PC3) of current flint container glasses composition (in red and
black) and historical flint glass composition from the record of
Smrcek.”

successfully clustered, but it also unveiled its homogeneity
with glass compositions from 1971 to 1991 years and certain
current UK glasses in 2D PCA diagram, which explained
62.4% of the variance in the interpretation system, despite
its highly distinct composition appearance.

In comparison, despite being positioned at the far-
left end of the “composition spectrum” in Table 4, the

Denmark glass F10 is still classified within Cluster 2, as
depicted in Figure 4. If we only discuss UK glass, the
trends observed in the evolution of flint container glass
constituents will be the same, but in terms of specific
numerical values, UK Cluster 2 exhibits an average MgO
wt% of 1.81 wt% (1.787 wt% for all glasses), which is notably
higher than the .716 wt% in UK Cluster 1 (1.238 wt% for all
glasses, Indian glass has a great impact on this).

These data precisely demonstrate the variability in glass
compositions related to geographical location, country,
and even technological levels. In the following section, we
will delve into this aspect further by combining it with
other information using traditional analytical methods.

The direct inclusion of properties obtained from com-
ponent calculations in the PCA analysis, along with the
low-correlation components, would undeniably compli-
cate data processing and impede the efficiency of common
data organization strategies. Therefore, our approach grad-
ually incorporates properties obtained from model calcu-
lations into the PCA clustering results. This enables us to
observe the influence of components on glass properties.

In Figure 4A, the average melting temperature of Clus-
ter 2, calculated from Fluegel*® and Lakatos et al.** model,
is higher than that of Cluster 1. Based on the previous
analysis, if Cluster 2 represents the current composition of
flint glass that differs from historical compositions, then
the evolution of flint glass tends to favor higher melting
temperatures.

A possible explanation for this is an improved under-
standing of how glass melts absorb radiative heat. Faber
et al.”> summarized the Rosseland mean absorption coeffi-
cients for flint, green, and amber glasses measured using
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FIGURE 4 (A) Current flint container glasses melting

temperatures distribution in principal component analysis (PCA)
diagram. The viscosity log 2(dpa/s) values were calculated using the
Fluegel® and Lakatos et al.>* models separately and are listed in
tab. 4A of Part 1. (B) Current flint container relative machine speed
(RMS) distribution in PCA diagram. The viscosity values calculated
using the Fluegel®® and Lakatos et al.>* models separately were used
to estimate the RMS values, and these are listed in tab. 4A of Part 1.
(C) Current flint container D value distribution in PCA diagram.
The D values calculated using the Fluegel*® and Lakatos et al.>*
models separately were used to estimate the RMS values, and these
are listed in tab. 4A of Part 1. (D) Current flint container liquidus
temperature distribution in PCA diagram. The modeled and
measured liquidus temperatures were listed in tab. 4A of Part 1. (E)
Current flint container ATy, value distribution in PCA diagram. All
ATy, were listed in tab. 4A of Part 1. (F) Current flint container
chemical durability value distribution in PCA diagram. Hydrolytic

class and standardized values were listed in tab. 4A of Part 1.

the transmittance method developed by TNO, Eind-
hoven, in 1999 and the Orleans emissivity method in 2017,
spanning temperatures from 500 to 1600°C. It was found
that flint glass exhibits significantly lower absorption of
thermal radiation compared to green and amber glasses.
The longer mean free path of photons for radiative heat
transfer in flint glass contributes to this lower absorption.
Given that radiative heat transfer currently accounts for
70% of heat transfer in furnaces, flint glass melt in different
regions to reach uniform high temperatures more rapidly,
even though its melting point temperature is higher. In
other words, the furnace temperature for melting flint glass
could be appropriately lowered. However, upon recogniz-
ing this, manufacturers seem to have chosen not to reduce
the furnace melting temperature of flint glass. Instead, they
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have increased the batch melting temperature by adjusting
the composition of flint glass. This decision serves two pos-
sible purposes: on one hand, it ensures that there are no
significant fluctuations in the thermal regime of the same
furnace due to color changes, and on the other hand, it
provides more room for adjusting the glass composition to
enhance glass quality and production rates.

Considering energy consumption, according to different
statistical approaches, the average specific energy con-
sumption for Soda-Lime-Silica glass furnaces in 2003 was
around 5 GJ/t glass, which is about 25% of the average
specific energy consumption in 1960.7-2°-28 In 2007, the
average intensity of fuel consumption for the container
glass industry in the European Union (EU) was 6.4 GJ/t of
product.”’ According to the latest estimates,*" the specific
energy consumption of glass melting has remained approx-
imately 3.24 GJ/t glass since around 2000. The reduction
in energy consumption during the glass container melt-
ing process does not appear to be significant. This leads
to an interesting question: since 2000, has the glass indus-
try compensated for the increase in melting temperature
with advancements in melting technology, and thus failed
to make further progress in energy consumption as a
singular indicator? This is a question worthy of future
consideration.

In this context, the melting temperature of the Indian
glass is particularly low, but its high alkali content not
only results in higher raw material costs in certain
regions but also undoubtedly shortens the lifespan of
the melting furnace."’*! In this study, the Indian glass
composition serves as a valuable reference point in com-
parison to the European and American regions. Due
to the focus of this research on UK glass and limita-
tions in space, further detailed discussion on F09 glass
is not explored here, but will be elaborated in detail in
Supporting Information A.

Among all other current flint container glasses, except
for F09, the glass labeled as FO1 and belonging to Cluster
2 exhibits the lowest melting temperature. In Figure 4B,
the average relevant machine speed of Cluster 2, again, cal-
culated based on the viscosity deduced from the Fluegel®*
and Lakatos et al.?* model, is higher than that of Cluster 1.
Special attention should still be given to the FO1 glass that
in Cluster 2, it has the lowest relative machine speed (RMS)
in Cluster 2, but still high if compare it with Cluster 1. The
trend of glass compositional evolution shows a preference
for higher RMS. This point is easily understandable. As
mentioned earlier, the relative increase in melting temper-
ature certainly has its reasons. By effectively enhancing the
production output per unit time, it can economically off-
set the slightly increased or unchanged fuel costs and may
even prove to be more cost-effective. The corresponding
practical evidence and technical details can be observed

from the evolution of Individual Section (IS) machine per-
formance speed. According to historical statistics,*” the .3 L
beverage bottling speed capability of IS machines has been
on the rise since 1920, showing a linear increase from
around 1950 to 2015. In the past 30 years, the speed for each
cavity has increased from 420 containers produced per
minute (cpm) in 1995-540 cpm in 2005, reaching 624 cpm
in 2015.

In Figure 4C, the calculated D values of all glasses are all
positive which indicate relative freedom from devitrifica-
tion, particularly if the glass is fed to the forming machine
at relatively low temperature or high viscosity."” Previously
this D value was even higher, as reported by Zhernovaya
et al.3: in 1977 values of D of container glasses were +29
(United States) and +39 (USSR). By 2010, a value of +15
was common in the global container glass industry'” and
all D values calculated by the Fluegel model are lower than
+15, but the D values calculated by the Lakatos et al. model
are between +15 and +29.

In Figure 4D, modeled liquidus temperatures are pre-
sented in PCA diagram. According to literatures,'!** a
typical container glass liquidus temperature should be
around 990-1050°C. However, except F02, FO7 in Clus-
ter 1 and FO8, all other glasses are higher than 1050°C
according to the Fluegel liquidus temperature model.*
The liquidus temperatures of Cluster 2 are also higher than
that of Cluster 1. The measured liquidus temperature is
very close to the calculated temperature, and their trends
align, providing further confirmation of the accuracy of the
model calculations. The trend of continuously increasing
liquidus temperature demonstrates the evolution of glass
compositions with time and comprehensive technology.

ATgy, the difference between forming temperature (TF)
and liquidus temperature (Tjiq) is an important criterion
that has been used successfully in the reformation of
container glass and fiberglass compositions.***’ Negative
ATy, indicates an increased risk of devitrification dur-
ing forming. Whether this would actually cause problems
in reality is dependent largely on the particular condi-
tions in a given furnace and forming operation. Some
anecdotal evidence that some manufacturers operate with
negative ATy, quite safely.'”*® In Figure 4E, the ATy, of all
glasses are negative, except for the FO8 glass independent
of Cluster 1 and Cluster 2, which is positive.

The criteria ATy, and D provide useful methods for
the estimation of the possibility of devitrification. In this
study, most of the ATg; values, except for the indepen-
dent F12, fall within the high-risk region of devitrification.
Bingham and Marshall’s investigation around 2005°° indi-
cated that the ATy, values of manufacturers at that time
were close to zero, whereas in this study, the ATy, values
are significantly lower than zero. One possible explana-
tion for this evolutionary trend is the advancement in
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melting technology, which has led to increased produc-
tion per unit area in the melting furnace. A case in point
was that many manufacturers have already adopted the
design of multiple electrode-assisted electric melting at the
bottom of flame furnaces to enhance output. While the cur-
rent emphasis on electric melting is for decarbonization
purposes, its initial introduction was aimed at increas-
ing the pull rate. The accelerated flow rate of the glass
melt shortens its residence time in critical areas of the fur-
nace, like the throat, resulting in a swift passage through
this temperature zone during the cooling process. This
significantly lowers the risk of crystallization and devitri-
fication. The necessity to increase the production per unit
area of the furnace has eased the devitrification require-
ments of compositions in this temperature range. It has
been demonstrated that even if the liquidus temperature
exceeds the working point, it does not cause issues. Fur-
thermore, this change allows more flexibility in adjusting
compositions to meet other performance requirements. It
should be noted that the high liquidus temperature com-
position changes, along with the high RMS composition
changes obtained from the model calculations mentioned
earlier, are consistent with the production demands. One
can be attributed to the need to increase the produc-
tion per unit area of the furnace, while the other can be
attributed to the need to increase the production per unit
time.

The most convincing technical detail or key parameter
for this is the daily output per unit area of the melting
furnace, or specific pull rate. According to an internal fac-
tory report from 1911, the production capacity of European
tank furnaces was approximately .36-.48 tons/day/m?.*®
According to two different literatures, this sensitive param-
eter was around 1-3 and 2-3 around 1987 and 1991.3%4°
Based on an interview with an anonymous glass manufac-
turer, we learned that this figure increased from 3.15 and
3.4 to 3.9 and 3.7, respectively, between 2014 and 2024 in
their plants. This indicates that furnace productivity has
continuously improved through the efforts of people who
works in glass industry, even in the past 20-30 years. Addi-
tionally, this objective data and detail strongly support our
interpretation.

Discussions with a highly experienced industry veteran
further confirmed this view, indicating that the melting
rate of furnaces has been rising since 1999. Some furnaces
have a maximum pull rate close to 4.0 tons/day/m? for
flint glass, and around 3.5 tons/day/m? for amber or green
glass. Clearly, not all furnaces always operate at their max-
imum melting rate. This depends on the job mix and the
number of orders received or inventory requirements, but
the trend is definitely upward. Additionally, two subjec-
tive intentions in furnace design and operation have been
confirmed. First, since the first oil crisis in the 1970s, peo-
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ple have actively changed compositions to help molding
achieve faster machine speeds, although they may not real-
ize it, they have actually been doing this since the 1920s.
Second, I would like to quote: “it’s a bit of a holy grail to
squeeze more out of the furnace and various boost con-
figurations have been investigated but no breakthrough
just yet.” This represents a perennial challenge for furnace
designers.

This progress can be attributed to recent advancements
in furnace design methods, particularly the commercial
application of computational fluid dynamics (CFD) tech-
nology, such as that provided by F.I.C. (UK) Limited in the
United Kingdom and Glass Service in the Czech Repub-
lic. Additionally, there are significant related research
within the academic community. For instance, studies by
Beerkens,*' Nimec et al.*? on the residence time of glass
melt in the melting tank have enhanced our understanding
of the melting process, dead water zones, and space uti-
lization. These studies have greatly contributed to the opti-
mization of furnace structures and increased productivity.
Due to space limitations, further details are not discussed
here.

For D value of current flint glasses, it related to the
forming process (pertaining to the temperature differ-
ence between the annealing point and softening point)
consistently remains in the positive range to prevent devit-
rification. Although it has slightly decreased compared to
+15 in 2010 (calculated according to the Fluegel model),
it still remains within a relatively safe region, as per the
traditional perspective. This suggests that the develop-
ment of forced cooling techniques during the forming
process has progressed relatively slowly. A key bottleneck
in the high-speed production of container glass is the
rapid removal of heat from the glass during the mold-
ing process. For decades, advancements in mold cooling
for automatic glass molding have primarily focused on
designing air flow vertical channels and mold cooling
shapes, such as plain and serrated fins, through CFD
simulations.*** However, all of these methods rely solely
on air as the cooling medium. It is worth mentioning that
the author has observed recent discussions in the indus-
try about improving this situation. In future studies on
compositional evolution, attention should be given to this
parameter.

Figure 4F shows the variation of chemical stability in
flint glass with respect to its composition, which is related
to the glass quality. It can be observed that Cluster 2
requires a smaller volume average of HCI neutralization
compared to Cluster 1, indicating that Cluster 2 exhibits
stronger chemical stability. Additionally, we noticed that
the three samples with the highest demand for HCI] neu-
tralization are FO9 > F08 > FO01, where F09 belongs to the
fourth class of hydrolytic glass. Among these samples, FO8
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exhibits the poorest chemical stability after F09, followed
by FO1. However, all samples except FO9 belong to the third
class of hydrolytic glass.

Various standards, such as International Organization
for Standardization (ISO) and British Standards (BS), have
established permissible leaching limits for heavy metal
oxides in glass containers, which are closely related to
improvements in their chemical stability or water resis-
tance. The progress in the chemical stability of glass
products has been mandatorily enforced upon manu-
facturers under increasingly stringent and standardized
requirements across various standards.

Over the past few decades, these standards, particularly
ISO 7086/2, have evolved significantly to further reduce
the leaching of lead and cadmium into food. The 1982
ISO 7086/2 allowed permissible limits for lead in large
and small glass containers at 2.5 mg/L and 5.0 mg/L,
respectively. The 2000 revision of ISO 7086/2*" reduced
these limits to .75 mg/L and 1.5 mg/L for large and small
containers, respectively.

Since 1986, the BS 6748 standard*® has set the maximum
limits for lead and cadmium in Category 3 (packaging
storage containers with a capacity greater than 3 liters)
to below 1.5 mg/L and .1 mg/L, respectively. The 2011
revision® further standardized details such as analytical
instruments and detection limits.

Some EU member states have defined separate require-
ments with limit values for glass food contact materials
(FCM). For instance, France developed guidelines for
inorganic materials to apply the EU FCM framework reg-
ulation 1935/2004.°° The ISO-standard limits for lead (Pb)
and cadmium (Cd) are applied. Additionally, they set a
limit for chromium in fillable products at .03 mg/L. In
the 2016 revision of the document,” the release limits for
aluminum (Al), cobalt (Co), and arsenic (As) were also
introduced.

Because the trend of the working range index (WRI)
aligns with the D value, for simplicity, we will not delve
deeper into the WRI at this stage. Since the variation in
density is minimal and does not significantly contribute
to the PCA analysis, the discussion on this aspect was
omitted.

For individual samples, FO1 should be a relatively opti-
mized option. It is classified within the second cluster,
exhibiting higher ATy, and moderate RMS compared to
other samples in this cluster. What sets it apart from the
second cluster is its lowest melting temperature (except for
F09). Additionally, its chemical stability is similar to other
glasses (except for F09), falling into the third category. FO8
does not belong to any of the clusters, with the lowest RMS
(except for F09) and the unique positive AT, suggesting
there may be process control or equipment issues, result-
ing in its composition showing characteristics of reducing
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of current Green container glasses composition (in black, Fr for
France, It for Italy, and Sp for Spain) and historical German green
glass composition from the record of Smréek® (in cyan, and marked
according to the year and region, “GE” means Germany; “1013GE”
means German glass from 1910 to 1913, for 19 century’s glasses
marked with “~,” such as German glass from 1889 to 1891 was
labeled as 89-91GE).

production risks and lower production speeds. F09, on the
other hand, can be considered a significant representative
of regional differences.

4.2 | Green container glasses

Figure 5 presents the PCA analysis results of the com-
positions of current green container glass and historical
green glass composition data from Smrcek’s review," for
reference and comparison purposes. The record data from
Germany are the most complete and thus chosen for this
analysis.

The illustration reveals that the vast majority of histor-
ical German glass compositions are concentrated in the
first and fourth quadrants. The glass compositions are
arranged chronologically, following a counterclockwise
direction from the fourth quadrant (1800-1913) to the first
quadrant (1924-1950), then transitioning to the second
quadrant (1970-1977), and finally returning to the fourth
quadrant (1982-1990). The glass compositions from 1970 to
1977 and 1982-1990 show even distribution within the 95%
confidence ellipse area of the current glass composition.
This suggests that the modern green glass composition
since 1970 closely resembles the current glass composition
when historical glass compositions are used as a reference.
Except for G10, which is slightly distant, the coordinates
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rant, while the current glass compositions mainly occupy
the second and third quadrants, except G10 falls within
the fourth quadrant and far away from others. Consid-
ering the component loadings on the PCs, it is found
that in the primary direction of PC1 (44.1%), the current
glass exhibits higher CaO and SiO, content compared
to modern European glass. Conversely, current glasses
(except G10) show relatively higher levels of SO3, MgO, and
Al,0s.

In contrast to the cautious analysis conducted previ-
ously on flint glass, we directly perform a PCA analysis
on the high temperature properties (which are not entirely
unrelated) of the current green glasses based on different
models and are according to each other (Figure 7A,B). This
analytical approach is noticeably more concise. It is worth
noting that if we consider the different origins of the sam-
ples, a clear boundary can be drawn between the samples
from the United Kingdom and those from other countries.
In other word, non-UK or European continental glasses.

and PC2) of high temperature properties of current green container
glasses (all properties values were listed in tab. 4A of Part 1). (B)
PCA (PC1 and PC2) of high temperature properties of current green
container glasses (all properties values were listed in tab. 4A of Part 1).

The illustration shows that both the Fluegel”* and
Lakatos et al.** models have rightward loadings of the
main property variables related to viscosity, primarily
contributing to PCI1. This suggests that higher melting tem-
peratures correspond to higher RMS, D value, and ATy,
values. However, the contribution of the liquidus temper-
ature loading to PC differs from that of other property
variables.

According to the Fluegel model, the G10 sample, which
was in the third quadrant, exhibits a particularly low value
in the loading direction of the melting temperature, and
its RMS is also the lowest (1.084, with a mean of 1.129).
From an optimization perspective, the G04, G02, and
GO03 samples located in the second quadrant are relatively
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reasonable compared to the other components in the first
and fourth quadrants. They have lower melting temper-
atures, and their RMS values are roughly comparable to
those of the samples in the first and fourth quadrants.
Notably, the GO4 sample has the highest RMS, and its
melting temperature is about 15-20°C lower than that of
the samples in the first and fourth quadrants.

From a process control perspective, all glass samples
exhibit positive D values, and all ATg;, values are negative,
which aligns with the previously mentioned flint glass.
Considering only ATg;, and since all D values fall within
the positive range, the glass samples in the first and fourth
quadrants have the lowest process control difficulty, while
those in the second quadrant face the highest difficulty.
The G10 sample falls in the middle of the glass samples
in the second quadrant. Additionally, among all the glass
samples, G04 has the lowest ATy, implying that opti-
mizing the melting temperature and RMS simultaneously
places higher demands on the glass melting and forming
process control.

The PCA analysis results based on the Lakatos et al.
model are similar to those of the Fluegel model, with only
slight data position shifts, but they do not have any sig-
nificant impact on the final result analysis. Therefore, no
further elaboration is necessary.

Although the composition of the current green glasses is
not significantly different from historical compositions, we
are still interested in understanding the correspondence
between their composition and properties. To eliminate
the interference of other components on the sample com-
position scores (Figures 5 and 6), a separate PCA analysis
was performed on the current glass compositions as vari-
ables, as shown in Figure 8. From Figure 8, a clear
boundary can be drawn between the samples from the
United Kingdom and those from other countries.

Along the Na,O loading direction, the samples from
the United Kingdom, namely, G10, G04, G02, and GO3,
have relatively higher values compared to samples from
other regions (with Na,O content above 13 wt%, differing
from other glass compositions by approximately .5%-1%).
Since the sample scores/positions are influenced by the
comprehensive effect of each loading, the order of sample
scores along the variable loading direction is not strictly
arranged according to the content of a particular variable,
such as Na,O. This observation suggests that the reduc-
tion of glass melting points is significantly related to Na,O
content.

Meanwhile, in the direction of SiO, loading, G04, G02,
and GO3 are located close to the majority of other glass
samples. In terms of CaO loading, GO4 has the highest
position (and indeed the highest CaO wt%), which explains
why it has the highest RMS value. This further indicates
that high-yield, low-melting-point compositions not only
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biplot of current green container glass composition.

require strict production process requirements but may
also have relatively higher overall raw material costs due
to the relatively expensive price of soda ash.

Among this group of green glasses, G10 exhibits some
issues that warrant analysis, It occupies an unfavorable
position in both performance and composition PCA plots
(high alkali content, low RMS). Interestingly, when com-
paring the best and worst performing glasses, G10 and G04,
both belong to British glass compositions. The reasons for
this phenomenon are consistent with the previous anal-
ysis of flint glass. Analyzing based solely on composition
is one-sided; it requires a comprehensive analysis in con-
junction with the conditions of the production process and
equipment.

To encapsulate, when compared separately with histor-
ical glass compositions and modern glass compositions
since the 1970s, the green glass compositions do not
exhibit significant differences. However, we should note
that the proportion of UK glass to other regional glasses
in the green glass dataset is 5:5, while in the Flint glass
dataset, this proportion is 8:2. Due to the challenges in
obtaining a sufficient number of British glass samples dur-
ing the sample collection process, this regional diversity
could potentially weaken the significance of the relative
changes in current compositions compared to historical
compositions.

Nevertheless, based on the analysis of composition—
property relationships, two distinct levels of compositions
are observed in the current glass compositions, and they
are indeed somewhat related to regional variations (UK
and European continental glasses).

Represented by G04, G02, and G03, the UK glasses have
relatively lower melting points due to higher Na,O while
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maintaining similar RMS values. Among them, G04 stands
out as an optimized representative composition.

4.3 | Amber container glasses

Figure 9A presents the PCA analysis results of the com-
positions of current amber container glass and historical
amber glass composition data from Smreek’s review.” In
comparison to flint and green glass, historical composition
records for amber glass are notably incomplete, encom-
passing only five recorded data points for the most prolific
German glass since 1913. Records from other countries are
even more scarce. Hence, we included two historical data
points from the United Kingdom in the PCA analysis to
enhance comprehensiveness.

It is evident that although the glass composition
scores/positions of 2023 fall within the 95% confidence
ellipse region of historical glass, their data distribution dif-
fers noticeably from that of historical glass. Furthermore,
the evolutionary direction of historical glass composi-
tion scores is precisely opposite to the direction of the
sodium oxide loading vector, pointing toward the region
of historical glass compositions. The three modern glass
compositions since 1972 unfold along the periphery of
the current glass composition and do not overlap with it.
Compared to the region of historical glass composition
scores, the region of current glass compositions is charac-
terized by low sodium oxide, high iron oxide, high calcium
oxide, and high sulfur. The content variations of silicon
dioxide, aluminum oxide, and magnesium oxide are not
significant.

To compare modern European amber glass composi-
tions since the 1970s with the current glass compositions,
a considerable quantity of modern European amber glass
compositions were incorporated into Figure 9B and under-
went PCA analysis together with the glass compositions
from the present study. Notably, there is an observed
overlap in the 95% confidence ellipse regions of the two,
particularly evident with A0O4 and AO5, which are relatively
near the range of modern glass compositions. Neverthe-
less, the distinctions in the composition scores/positions
between other current glass compositions and modern
glass are also distinctly apparent. The current glass com-
positions are predominantly situated in the first and fourth
quadrants, whereas modern glass compositions exclu-
sively reside in the second and third quadrants. Only A10,
A04, and AO05 are positioned within the second quadrant.
Looking at the contribution directions of composition vari-
able loadings, except for A04, A10, and AO05, the current
glass has relatively higher levels of aluminum and potas-
sium compared to modern glass compositions since the
1970s, while the content of silicon dioxide is relatively
lower. The calcium oxide content of all current glass com-

SCIENCE
-1.0 -0.5 0.0 0.5
6 - $10,
0.5
4]
24 / “AvUS o
o Aok N Fe203
g | 7 R Vs s
> A0sEL ANTK o
el 0IUK
Q0 I ABGUK 0.0
o A0 ADSUS 25 A09lr
@] \abauk A07UK
£, 3 )
QLm0
-4 4
\ -0.5
Yios
<6
T T T T 1
1 0 1 2 3 4
PC1 (42.9%)
0.5 0.0 0.5
4+ T
3]
0.5
2
14
&
x
® 0 0.0
)
a
o -1
@)
a
2+
-0.5
34
4
5 T T T 3 T 1
-3 2 -1 0 1 3 4
PC1 (35.3%)
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
T 0.8
5 Fe203
- AGGUK. 0.6
SO3
CaQ 0'4
14
= A1203
X « AIOUS 0.2
f’r- AOIUK * AOTUK
= AO3UK ® e AO2UK o
1:1/ 0 _ ~ K20 0.0
3 Na20 o —~——__ o
- -0.2
14 Si02 * AOSUS
*  Scores 5
AQSEU
# Loadings ¢ 0.4
© AG4UK
-0.6
-2 T T T
-2 -1 0 1
PC1 (55.2%)
FIGURE 9 (A) Principal component analysis (PCA; PC1 and

PC2) of current amber container glasses composition (in black, Ir
for Ireland) and historical amber glass composition from the record
of Smr¢ek® (in cyan, and marked according to the year and region,
“GE” means Germany). (B) PCA (PC1 and PC2) of current amber
container glasses composition (in black, IE for Ireland) and modern
amber glass composition (since 1970s) from the record of Smreek!
(in cyan, and marked according to the year and region, “GE” means
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positions is higher compared to modern glass. This PCA
plot reflects the changes in amber glass compositions over
the past 50 years.

To understand the correspondence between current
compositions and properties, and to eliminate the inter-
ference of historical compositions on sample composition
scores, as shown in Figure 9C, we conducted a sepa-
rate PCA analysis on the current glass compositions as
variables. Figure 10 illustrates the PCA of the calculated
high-temperature performance results of current amber
glass based on the Fluegel®® and Lakatos et al.** viscos-
ity models. From the figure, it can be observed that the
loadings of various high-temperature performance com-

ponents calculated based on different viscosity models,
as well as the positions of the sample scores, are gener-
ally similar. Therefore, here we consider the statistically
oriented Fluegel model Figure 10A as the reference and
discuss its results in conjunction with the PCA results of
the current compositions.

Taking the information above into consideration, these
10 samples can be grouped into three main categories in
Figure 10A. A04, A05, and Al0 constitute the first group
(in gray area as show in diagram); A01, A03, and A06 form
the second group; while A07, A02, A0O8 and A09 make up
the third group.

As shown in Figure 9B, the first group of compositions
closest to the region of modern glass compositions forms
a cluster in the PCA analysis of high-temperature perfor-
mance in Figure 10A,B, situated in the fourth quadrant
and marked with the gray region. According to the com-
position analysis in Figure 9C, the first group glasses are
high in SiO, and Na,O. According to the properties anal-
ysis in Figure 10A,B, the ATy of group one glasses is
higher than others, D value is high, melting temperature
is around 1450°C, but RMS is relevant low. This indicates
that the production process difficulty for the first group of
glasses, which is similar to modern glass, is low. The melt-
ing temperature is normal, but due to higher sodium oxide
content, its raw material costs might be higher. Addition-
ally, it may not demand a relevant high production rate
within a unit of time.

For the second group glasses, as shown in Figure 9C,
the positions of the second group of glass compositions are
located in the second quadrant and closely aligned with
PC1 = 0 axis. The second group features higher contents of
calcium dioxide, iron, and SO;. In terms of performance,
as we can see from Figure 10, the second group has the
lowest melting point. In Figure 10B, if a line is drawn
from A06 toward A10, this line is nearly perpendicular to
the RMS vector. This implies that the RMS of the second
group of glasses (A01, A03, and A06) is at an average level
(almost same as A08, A07, A02, A05, and A10). However,
relatively speaking, its ATg;, and D value indicators are
comparatively lower.

The analysis above indicates that the second group
of glass has the lowest melting cost and carbon emis-
sions associated with the melting process. Due to the
lower sodium oxide content, the raw material costs
are relatively lower compared to the first group of
glass (compositions resembling glasses from the 1970s to
1990s). Additionally, its composition can meet the require-
ments for high-speed production. However, its produc-
tion process demands are stringent, requiring advanced
production equipment and high-level control. It repre-
sents a relatively advanced direction for compositional
development.
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The third group of glass, as shown in Figure 9C, has
compositions located in the first and fourth quadrants of
the composition PCA analysis. Its composition is charac-
terized by low SiO, and Na,O content, high Al,03, K,0,
and MgO content. Among them, the composition of A08
is relatively distant in terms of score/position compared
to other glass compositions in the third group. In terms
of thermal properties, A02, A07, and A08’s melting tem-
peratures are higher than group 2 but lower than group 1.
RMS is comparable to that of the second group. D value
and ATy, also falls between groups 1 and 2. Except A09,
which has the highest melting temperature and RMS, low
ATg; and high D value. The analysis seems to indicate
that the overall assessment of the third group’s properties,
except for A09, falls between the first and second groups
(for composition, in Figure 9A, the third group [A07, A0S,
A02, and A09, situated in the fourth quadrant] is relatively
further away from the first group [A01, A03, A06, situated
in the first quadrant] compared to the second group [A04,
AO05, A10, situated in the second quadrant]). Its production
process difficulty is moderate, melting energy consump-
tion is intermediate, and production speed is similar to
the second group. However, in terms of raw material selec-
tion, it adopts a composition with less alkali and a higher
feldspar content, resulting in relatively lower raw mate-
rial costs. However, it is important to emphasize that the
patterns in other properties of current amber glass are dif-
ferent. Specifically, the density of the first group of glasses
is lower than that of the second group, and all glasses fall
into hydrolytic class three.

In summation, the current amber glass compositions
show significant differences compared to those from the
1970s to the 1990s. The evolution of these compositions
has two main directions: one focuses on reducing the
raw material costs of glass by using a combination of low
soda and high feldspar materials, while the other aims to
lower the melting point by high proportion of CaO (A06
and AO01). Both directions exhibit characteristics of rela-
tively high RMS and low ATyy,. This indicates that current
amber glass, similar to flint glass, is evolving toward higher
production rates and greater output capacity.

4.4 | Float glasses

Collecting float glass samples was not as easy as container
glass samples. Fortunately, in an unfortunate situation,
four manufacturers were willing to anonymously provide
their float glass samples from 2022 to 2023. Due to the lim-
ited number of samples and the shorter history of float
glass development (invented by Pilkington in the 1950s in
St Helens*?) compared to container glass, as well as the
more complex production processes and slightly different
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(A) Principal component analysis (PCA; PC1 and

performance parameters considered, we could not conduct
an in-depth study like we did with container glass. The per-
formance data resulting from the composition testing and
calculations have been listed in the above tables for ref-
erence and future research. The data are self-explanatory,
and there is no need to elaborate further here. However,
we can still compare their compositions with historical
records for a glimpse into the patterns within it.

Figure 11A presents the PCA analysis results of the com-
positions of float glasses. Historical glass composition float
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of glasses from Smrcek’s review'* is included in the dia-
gram for reference and comparison purposes. It is evident
that in the PC1 and PC2 biplots, the 95% confidence ellipse
regions of current and historical glass compositions largely
overlap, which explain 62.4% of the variance in the sys-
tem. This indicates that within this range, current glass
compositions do not appear to be very similar to histori-
cal compositions. For further exploration, the composition
PCA was extended to PC3 as shown in Figure 11B, which
PC3 accounts for 21.5% of the variance and collectively
explain 83.9% of the variance in the interpretation system.
In the direction of PC3, Float 02 and Float 04 are distant
from Float01, 03, and other historical glass compositions.
Additionally, the CaO loading has the most prominent con-
tribution to PC3, indicating that the high calcium oxide
content in Float 02 and Float 04 sets them apart from other
current and historical glass compositions.

5 | CONCLUSIONS

Research on the historical data of commercial glass indi-
cates that the 1970s mark a significant turning point in
the composition of all different color container glasses.
Research on flint (colorless) container glass composi-
tions obtained from the UK market in 2022-2023 suggests
that current compositions are undergoing a transitional
phase compared to from the period from the 1970s to
the 1990s. Meanwhile, regional differences in glass com-
positions are also quite evident. Through the analysis
of glass compositions and properties, we have identified
that the main reasons for this shift in composition trends
include: “More,” referring to higher production output
per unit area within a given time frame, which can be
observed through the relaxation of requirements regarding
the ATy ; “Faster” denoting accelerated forming processes
due to higher RMS; and “Better” indicating enhanced
chemical durability. It is shown that glass production
is influenced by multiple factors, not just compositional
design. The coordination of other production processes
also serves the purpose of improving economic optimiza-
tion. Current flint container glass composition designs take
into account, but are not limited to, the reduction in raw
material costs (e.g., low soda). Meanwhile, the trend in cur-
rent glass composition development indicates prioritizing
meeting the demands of high-speed production and low
cost of batch materials over reduced furnace temperatures.
For individual samples, FO1 appears to be the most opti-
mized option with the lowest melting temperature among
the surveyed European glasses. It exhibits good chemical
durability, moderate RMS, as depicted in the PCA diagram
of flint glass compositions, where it falls within the second
cluster representing the evolutionary direction.

For green container glass, most current compositions
do not exhibit significant differences from compositions
since the 1970s. Based on the analysis of composition—
property relationships, two distinct levels of composition
were observed in the current glass compositions, and they
are indeed somewhat related to regional variations (UK
and European glasses).

Current amber container glass compositions show sig-
nificant differences compared to those from the 1970s to
the 1990s. The evolution of these compositions has two
main directions: one focuses on reducing the raw mate-
rial costs by using a combination of low soda and high
feldspar materials, while the other aims to reduce the melt-
ing temperature by using a higher proportion of CaO. Both
directions exhibit characteristics of relatively high RMS
and low ATy This indicates that current amber container
glass, similar to flint container glass, is evolving toward
higher production rates and greater output capacity. From
the perspective of reducing CO, emissions, glasses A06 and
A0l are recommended here due to their higher CaO con-
tents, which not only lower the melting temperature but
also enhance production efficiency.

Current float glass compositions do not show significant
differences compared to historical recorded compositions,
however, this may be due to the limited number of sam-
ples available to this study (only four). Under these limited
conditions, the compositions of 2 of the samples exhibited
a notably higher CaO content compared to other current
glass compositions and historical recorded compositions.
This may suggest a move to decrease melting temperatures,
however, further research to include a larger sample set is
suggested.
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