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Alkali-free aluminoborosilicate glasses without (GDMC-Si) and with La,0, addition (GDMC-La) were
fabricated with an aim to develop low dielectric glass fibers for use in printed circuit boards (PCBs) as

a reinforcing material in high-speed 5G/6G telecommunications application. This study presents the
structural, thermo-physical, and dielectric properties of the glasses. The decrease in glass transition
temperature (T ) and the increase in coefficient of thermal expansion (CTE) were found by the addition
of Si0, and La, 0, in the present glass system, which are due to the depolymerization of the glass
networks confirmed by the FTIR analysis. The dielectric constants (Dk) and the dissipation factors

(Df) of the glasses were investigated at a high frequency of 10 GHz. The Dk values of the GDMC-Si and
GDMC-La glass systems reached a minimum of 4.50 and 4.75, while their Df values reached a minimum
of 2.86 x 1073 and 3.01 x 1073, respectively. Notably, the Dk and Df values of the present glasses were
lower than the commercial E-glass (Dk: 6.9, Df: 7.0 x 1073 at 10 GHz) and L-glass (Dk: 4.8, Df: 3.0 x 1073
at 10 GHz). Glass fibers with a diameter of 10 pm were successfully drawn by the continuous melt-
spinning process and their mechanical properties were investigated.

Keywords Alkali-free aluminoborosilicate glasses, Dielectric constant, Dielectric dissipation factor,
Structural property, Thermomechanical property, Reinforcing material, Fiber spinning

Recently, printed circuit boards (PCBs) or printing wiring boards (PWBs) made of prepregs (PPGs) have
received significant attention because of the ever-increasing demand for data transmission at higher speeds!.
The PCBs are an essential component of electronic products and widely used in various emerging fields,
including 5G/6G telecommunication, big data, internet of things (IoT), and artificial intelligence (AI) systems.
PPGs are manufactured by soaking glass fiber fabrics in a polymer resin mixed with silica filler. Therefore, the
performance of a PCB substrate strongly depends on the dielectric, thermal, and mechanical properties of the
reinforcing glass fibers.
The dielectric loss energy (W) is determined by the Dk and Df of the PCB substrate and expressed as:

W = Kwv?*(Dk - Df) (1)

where K is a constant, o is the signal frequency, and v?is the potential gradient. According to the equation,
the signal propagation loss increases as the Dk and Df of the glass fibers increase. As a primary reinforcement
material of PCB substrates, glass fibers play an important role in the performance of PCBs because they mainly
provide the benefits of mechanical strength and thermal expansion properties to the surrounding polymer resin
matrix. Moreover, the critical prerequisites for the glass fibers as reinforced materials in PCB applications at
higher frequencies of GHz are a low Dk (< 4.9), Df (< 0.004), softening temperature (Ts: < 860 °C), and CTE (<
5.0 ppm/°C)! . To date, E-glass fibers are commonly used as reinforcement materials in PCB substrates owing to
their moderate electrical and thermomechanical properties*. However, the E-glass fibers cannot be used in high-
frequency applications due to its unsuitably large dielectric properties of Dk ~ 6.9 and Df ~ 0.007*. On the other
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hand, D-glass, comprises of 72-76% Si0,, 20-25% B,0,, 0-1% A1203, < 1% CaO, and < 4% Li,0+Na,0+K,0O
by weight, has a relatively low Dk of 4.1 and Df of 0.001 at 1 GHz. However, D-glass has relatively high melting
and fiber forming temperatures. Thus, the global glass fiber manufacturers, such as AGY, Nittobo, and PPG, have
attempted to develop alternative glass compositions with low dielectric properties that are better suited for use
in PCBs for high-frequency applications' ™. The L-Glass by AGY, with a composition of 52-60% SiO,, 20-30%
B,0O,, 10-18% A1203, 4-8% CaO, and < 2% F, by weight, has low Dk of 4.8 and Df of ~ 0.003 at 10 GHz. The
NE-glass by Nittobo, which includes 50-60% Si0,, 14-20% B,0,, 10-18% A1203, 1-6% MgO, 2-5% CaO, < 1%
Li,0+Na,0+K,0, and < 2% F, by weight, has low Dk of 4.7 and Df of ~ 0.0035 at 10 GHz. The InnoFIBER LD
glass fiber by PPG, which comprises of 60-68% §i0,, 7-13% B,0,, 9-15% A1203, 8-15% MgO, 0-4% CaO, < 2%
Li,0+Na,0+K,0, 0-1% Fe,0,, and 0-1% F, by weight, has low Dk of < 5.4 and Df of < 0.004 at 1 GHz. The
presence of one or more of alkali oxides (Li,O, Na,O, and K,0O) in the glass fibers by the above three companies
used as fluxing agents, however, cause the increase of the Df. Thus, we have tried to the develop new glass fiber
compositions having lower Dk and Df values without the use of alkali oxides.

Aluminoborosilicate glasses have been commonly used in various applications including PCB substrates
owing to their promising characteristics, such as excellent electrical insulation, good heat and corrosion
resistance, and high thermal and mechanical stability>®. Many studies have attempted to improve the thermal,
mechanical, and dielectric properties of aluminoborosilicate glasses by optimizing the relative proportions of
chemical constituents in the glass matrix>~!!, Moreover, the aluminoborosilicate glasses with higher contents of
SiO, and B,O, and showed lower Dk and Df values for PCB applications'~61112, Recently, the trivalent rare-
earth (RE) species incorporated in small amounts as dopants were known to influence the structural, thermal,
and dielectric properties of alkali-free aluminoborosilicate glasses because of their high cation field strength,
which attracts the surrounding free oxygens during the formation of the glass network®!2. In addition, RE ions
incorporated in high amounts can reduce the high-temperature viscosity of the glasses because of their role as
network modifiers and their ability to create more non-bridging oxygens (NBOs)®!2. Moreover, they can be
used for replacing the alkali and alkaline-earth oxides which generally increases the dielectric properties of the
glasses. However, the dielectric properties of alkali-free aluminoborosilicate glasses, particularly at the high
frequencies of 10 GHz, have not been extensively studied yet. Furthermore, to our knowledge, few studies have
been found on dielectric properties of alkali-free aluminoborosilicate glasses containing high B,O, content for
high-frequency PCB applications.

In view of the above importance, we investigated the dielectric properties of alkali-free aluminoborosilicate
glasses without and with La,O, content at a high frequency of 10 GHz for PCB applications. The structural
analysis of the glasses was investigated by the FTIR spectrometer. The thermal properties, such as the glass
transition and onset crystallization temperatures, were studied in the glasses with respect to the SiO, at the
expense of AL,O, and La,0, at the expense of Al,O, and MgO. The thermomechanical properties, such as
the dilatometric glass transition and softening temperatures, and the coefficient of thermal expansion, were
investigated with respect to the SiO, and La,O, contents. In addition, the spinning experiment was carried out
to fabricate glass fibers for the selected glass compositions and their mechanical properties such as the tensile
strength and Young’s modulus were determined.

Methods

The chemical compositions of the two series of alkali-free aluminoborosilicate glasses without (referred to as
GDMC-Si) and with La,0, (GDMC-La) are listed in Table 1. The compositions of the GDMC-Si glasses were
designed by varying the SiO, and Al,O, contents, and the remained B,O,, CaO, and MgO contents were fixed
at almost constant. The GDMC-La glass compositions incorporated with different contents of La,O,, were
designed from the GDMC-Si59 glass composition referred as a reference glass. The glasses were fabricated using
the melt-quenching method. Raw materials used for the fabrication of glasses were high purity powders of SiO,,
A1203, B,0,, MgCO,, CaCO,, and La,0, (Kojundo, Japan, >99.9%). The batch materials were pulverized using
a ball mill for 2 h and the homogeneous batch powders were taken into an alumina crucible and melted in an
electric furnace. Before melting the batch compositions at elevated temperature, the following two steps were
carried out in the melting process: (1) Dehydration of the batch chemical constituents at 200 °C for the removal
of moisture water and (2) Decarbonization in the range of 800-900 °C for the removal of carbonates. Then, the
batches were melted at 1650 °C for the duration of 3 h using an electric furnace. The molten glasses were then
cast onto a pre-heated brass plate at 650 °C; it was then annealed at 650 °C for 2 h to release the residual stress

Chemical composition (mol%) Composition ratio
Glass label S$i0, | ALO, | B,O; | CaO | MgO | La,0, | SiO,/AL,O; |La,0,/ (AL,0,+MgO)
GDMC-S§i59 | 59.5 |10.20 |19.6 |5.5 520 |0 5.83
GDMC-Si6l | 61.1 8.80 | 194 |55 520 |0 6.94
GDMC-Si62 | 62.7 740 |192 |55 520 |0 8.47
GDMC-La0.2 | 59.5 | 10.07 |19.6 |5.5 513 | 0.2 - 0.013
GDMC-La0.4 | 59.5 993 | 196 |55 507 |04 - 0.026
GDMC-La0.8 | 59.5 9.67 | 196 |55 493 (0.8 - 0.055
GDMC-Lal.2 | 59.5 9.40 | 196 |55 4.80 1.2 - 0.084

Table 1. Chemical compositions of the alkali-free aluminoborosilicate glasses.
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and cooled to 25 °C. Finally, the glass samples were cut into 85X 85 mm? size and polished to the thickness of
0.78 mm to characterize their dielectric properties.

We selected two glass compositions, GDMC-Si59 and GDMC-La0.2 with a size of 65X 65X 10 mm? to draw
glass fibers by using the spinning process. The thermal stability (AT) of these two glasses was found to be > 224
°C, conferring them enough stability against crystallization during the fiber spinning process. Successfully, the
glass fibers with a total length of 25 km and diameter of about 10 um were obtained by the continuous melting
spinning process at 1380 °C for the duration of 100 minutes at a spinning speed of 500 rpm using the glass pieces
with a total weight of about 800 g. The detailed fiber spinning process was discussed later.

The densities of the glasses were measured by a densimeter (Alfa Mirage, MD-300 S). Each glass sample was
measured at least thrice and the measurement errors of the density were within +0.003 g/cm®. The infrared
absorption spectra of the glasses were measured using an attenuated total reflection-FTIR spectrometer (Bruker,
ATR-FTIR Vertex 70v) in the frequency range of 550-1800 cm™! with a step of 2 cm ™.

The differential thermal analysis (DTA) curves of the glasses were obtained in the temperature range of
25-1400 °C using a Netzsch STA 409 apparatus at a scan rate of 10 °C/min. The thermomechnical analysis
(TMA) curves of the glasses were obtained in the temperature range of -10 to 900 °C using a Netzsch TMA 402
C apparatus at a scan rate of 5 °C/min in an N, flowing atmosphere. Glass samples of size 5x5X 10 mm?® were
used for the TMA measurements.

The dielectric properties of the glasses, namely the Dk and Df values, were measured at higher frequencies of
10 GHz and 28 GHz using two techniques of the split-post dielectric resonator (QWED, SPDR) and the Fabry-
Pérot open resonator (QWED, FPOR) together with a vector network analyzer (VNA, Anritsu, MS4647B).
Additionally, the cavity resonator (Anritsu) with a VNA (Keysight, E5080B) was used for measurements at 40
GHz. The measurement accuracy of the Dk and Df values was within 0.5% and 2%, respectively. Polished thin
glass sheets of dimensions 85 x 85% 0.78 mm?® were used for the measurements.

Results and discussion

Figure 1(A) depicts the FTIR spectra of the GDMC-Si glasses with different concentrations of SiO, substituted
for ALO, in the range of 550-1800 cm™’, where the three frequency bands appeared smnlarly for all the
1nvest1gated glasses. The low-, middle-, and high-frequency absorption bands, were shown in the ranges of
570—800, 850—1250, and 1250-1600 cm™!, respectively. The low-frequency absorption bands, peaking at
approximately 572 and 604 cm™, can be attributed to the vibrations of the Si—O—Si and AlI-O—Al bonds>!1-15,
The absorption bands at approximately 664 and 787 cm™! can be assigned to the vibration modes of the B-O
related groups, namely the borate, borate rings, and boroxol rings>®!!1-15 The absorption bands appeared at
approximately 899 (Q!), 1024 ([SiO,] tetrahedral units), and 1142 cm -1 (Q“) correspond to the §Si—O_; and Si—
Ob stretching vibrations of the [SiO 4] tetrahedral units, respectively. But the Q? and Q? units were not appeared
in the GDMC-Si glasses. Note that the [SiO,] tetrahedral units are represented using the Q" notation, where n
denotes the number of bridging oxygens coordinated to the silicate tetrahedra (n=1, 2, 3, and 4)>"%11715, The
high-frequency absorption band appearing at approximately 1377 cm™! is attributed to the stretching vibrations
of the B-O bonds in the [BO,] triangles®®!!~15,

Figure 1(B) shows the normalized FTIR spectra of the GDMC-Si glasses shown in Fig. 1(A). The spectra were
normalized at the low frequency band located at ~664 cm™ to well disclose the changes of the broad absorption
band appeared in the range of 850-1250 cm™L. It can be noted that the observed absorption bands are broad
and overlapped due to strong SiO, and B,O, structural unit vibrations. Therefore, the absorption bands were
de-convoluted using a Gaussian function to identify each component peak in the FTIR spectrum (Fig. 1(C) and
(D)). The peak positions, peak areas, and full-widths at half maxima (FWHMs) of the de-convoluted peaks are
summarized in Table 2.

The absorption bands around 899 and 1021 cm’1 shifted to lower wavenumbers, and the absorption intensities
increased at 899 cm™ and decreased at 1021 cm™! with increasing substitutions of SiO, for AL,O,, resulting from
the depolymerization of the silicate glass network (Fig. 1(B)). The absorption band 1nten51t1es at approximately
787 and 1377 cm™! corresponding to the vibration modes of the B-O bonds continuously increased for the
bands with the increase in SiO, substitution for AL,O, in the GDMC-Si glass system. Considering the relative
areas of the absorption bands as shown in Table 2, the structural changes in the GDMC-Si glasses with the
increase of SiO,/Al,O, ratio can be explained. The relative areas of the deconvoluted peaks located at ~ 1021

1 (Si0,) decreased from 65 to 58%, ~ 899 cm™ (Q!) increased from 23 to 26%, and ~ 1139 cm™ (Q%)
increased from 14 to 15%. These results reveal that the glass network connectivity decreased with the increase
of Si0,/AL O, ratio in the GDMC-Si glass system because of the dominance of the non-bridging Q' units.
Structural changes have been reported in the aluminoborosilicate glasses upon the substitution of Al,O, for
SiO,'"!. Junfeng et al'!. reported that by substituting the AL O, for SiO,, the stretching vibrational modes of the
Si- O bonds increased due to the enhancement of the [AlO, ] tetrahedron in the glass network structure. In the
alkah free aluminoborosilicate glasses, most of the Al** ions exist in the form of [AlO,]™ tetrahedra when the
(MgO + Ca0)/ALO,ratio is greater than 1''. In this glass system, the alkaline-earth cations (R**: Ca?*, Mg*")
compensate the [AlO )" tetrahedral units with the increase of the Al,O,content, leading to a more polymerized
network structure. Bruns et al'%. also reported that the Si—O—Al bonds connectivity was enriched with the
addition of Al,O, for SiO, in borosilicate glasses. In the present study, the glass network is depolymerized with
the substltutlon of Sio, for AL O, because of the excess R** ions prefer to form NBOs rather than to compensate
the negatively charged [BO - tetrahedral units.

Figure 2(A) shows the FTIR spectra of the GDMC-La glasses with different concentrations of La,O,
substituted for Al,O, and MgO. Figure 2(B) shows the normalized FTIR spectra of the GDMC-La glasses. As
shown in the figure, similar absorption bands were observed at slightly different peak positions in comparison
to those of the GDMC-Si glasses. The peak positions, peak areas, and FWHM of the de-convoluted absorption
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Fig. 1. FTIR spectra of the GDMC-Si glasses with different SiO, contents (A) before and (B) after the
normalization. Deconvolution of the FTIR bands for the (C) GDMC-Si59 and (D) GDMC-Si62 glasses.

Infrared bands (cm™)
Item Q! [Si0,] Q!
GDMC-Si59
Peak position | 899 1021 1139
Area 57.52(24.6%) | 143.47(61.5%) | 32.44(13.9%)
FWHM 62.66 126.07 80.62
GDMC-Si61
Peak position | 897 1019 1143
Area 56.48(25.5%) | 135.16(61.0%) | 29.8(13.4%)
FWHM 60.96 128.70 81.00
GDMC-Si62
Peak position | 896 1017 1144
Area 55.73(26.1%) | 124.48(58.4%) | 32.94(15.4%)
FWHM 58.57 123.95 85.67

Table 2. FTIR bands, peak positions, peak areas, and full widths at half maxima (FWHMs) of the GDMC-Si
glasses. The relative areas of the deconvoluted peaks are shown in parentheses.
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Fig. 2. (A) FTIR spectra of the GDMC-La glasses for different La,0, contents (A) before and (B) after the
normalization. Deconvolution of the FTIR bands for the (C) GDMC-La0.2 and (D) GDMC-Lal.2 glasses.

bands are listed in Table 3. The deconvoluted FTIR spectra of the GDMC-La0.2 and the GDMC-Lal.2 glasses
are shown in Fig. 2(C) and (D), respectively. The absorption band at 1019 cm™! corresponding to the stretching
vibrations of the bridging Si-O, bonds in the [SiO,] units, shifted to a lower wavenumber of 1012 cm™, and the
absorption intensity steadily decreased with the increase of La,O, content. The absorption band at 898 cm™!
corresponding to the v1brat10ns of the Si-O_, bonds QY in the [SiO,] tetrahedral units, shifted to a lower
wavenumber of 894 cm™!, and the absorptlon intensity progresswely increased with the increase of La,O,
content. The absorption intensity of the band at 1144 cm™ (Q*) steadily decreased with the increase of La O
content. Notably, the absorption band intensity at 898 cm~! becomes dominated at a high concentration of LaZO
(> 0.4 mol%) in comparison with the absorption band at 1019 cm™". The relative areas of the deconvoluted peaks
located at ~ 1019 cm™ (8i0,) decreased from 63 to 56%, ~ 898 cm™! (Q') increased from 24 to 35%, and ~
1144 cm™ (Q*) decreased from 14 to 9% with the increase of La,O, content from 0.2 to 1.2 mol%. The increase
in the absorption band intensity of the Si-O,, bonds around 898 (:m‘1 and the decrease in the absorption band
intensity of the Si-O, bonds around 1019 and 1144 cm™! support that the glass network becomes loosened with
increasing La,O, concentratlon in the GDMC-La glass system because of the increase of the NBOs in the glass
network structure®'2,

Results from the FTIR spectral analysis, plus T, and CTE (will be discussed later) demonstrated that the
glass network of the both glass systems was depolymerized with the increase of SiO, at the expense of Al,O, and
La,0, at the expense of Al,O, and MgO.

As amacroscopic physical parameter, the density depends on the glass composition, degree of polymerization,
and the coordination number of the atoms. Figure 3 shows the variations in density with respect to the SiO,/
Al O, and La,0,/(Al,0,+MgO) ratios in the GDMC-Si and the GDMC-La glasses. As shown in Fig. 3(A),
the densr[y contlnuously decreased in the range of 2.346-2.311 g/cm® with the increase of the SiO,/AL O, ratio
from 5.8 to 8.4 in the GDMC-Si glasses. This trend is attributed to the lighter molar mass of SiO, (60 08 g/mol)
compared with that of Al,O, (101.96 g/mol), indicating a loosened glass structure with the i 1ncrease of the SiO,/
Al O, ratio. At the same tlme, the density showed a linear increase in the range of 2.375-2.449 g/cm® with the
1ncrease of La,0,/(Al,0, +MgO) ratio from 0.013 to 0.084 for the GDMC-La glasses as shown in Fig. 3(B). The
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Infrared bands (cm™")
Item Q! [SiO,] Q*
GDMC-La0.2
Peak position | 898 1019 1144
Area 46.29(23.7%) | 122.67(62.7%) | 26.65(13.6%)
FWHM 63.46 136.68 82.06
GDMC-La0.4
Peak position | 897 1018 1143
Area 51.64(25.2%) | 126.77(62.0%) | 26.02(12.7%)
FWHM 62.88 134.39 79.30
GDMC-La0.8
Peak position | 896 1015 1144
Area 50.23(28.8%) | 102.77(59.0%) | 21.18(12.2%)
FWHM 61.54 129.43 76.24
GDMC-Lal.2
Peak position | 894 1012 1143
Area 49.75(35.2%) | 78.63(55.8%) | 12.66(8.9%)
FWHM 61.19 125.58 63.52

Table 3. FTIR bands, peak positions, peak areas, and FWHMs in the GDMC-La glasses. The relative areas of
the bands are shown in parentheses.
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Fig. 3. Variation trend in the densities with respect to the (A) SiO,/AlO, and (B) La,0,/(Al,0,+MgO) ratios
in the GDMC-Si and the GDMC-La glasses.

observed density trend is attributed to the heavier molar mass of La,0, (325.81 g/mol) compared with that of
AL O, (101.96 g/mol). It is noted that the GDMC-Si and the GDMC-La glass systems have a lower density by
approximately 10-12% and 9 — 6%, respectively, compared to the E-glass (p=2.59 g/cm?). The improvement in
density is desirable for high-speed PCBs, which require reinforced glass fiber with lighter weight.

Investigation on the thermal characteristics of glasses is essential to confirm their crystallization-resistance
for PCB applications. Glass should be thermally stable when subjected to thermal treatment during the fiber-
spinning process. Thus, we performed thermal characterization of the studied glasses to determine their thermal
stability. Figure 4(A) and (B) show the DTA curves of the glasses in the temperature range of 400-1200 °C. From
the curves, the endothermic and exothermic events, such as the glass transformation (T ) and crystallization
(T,) temperatures were examined. The T, and T, values were obtained from the onset points of the endothermic
and exothermic events in the measured %TA curves, respectively. The quantitative Tg, Tx, and AT values of the
two glass systems are shown in Fig. 4(C) and (D) and Table 4.

As the §i0,/Al,O, ratio increased from 5.8 to 8.4 in the GDMC-Si glasses, the T, slightly decreased from 686
to 681 °C and the T were in the range of 908-922 °C. The Tg of the GDMC-La glasses decreased from 690 to 681
°C, while the T_increased from 918 to 931 °C with the increase of the La,0,/(Al,O, + MgO) ratio from 0.013 to
0.084. The T, is known to be governed by the network connectivity and the introduction of NBOs into a silicate
network thus generally decreases T ®!°. The T, trends observed for the GDMC-Si and the GDMC-La glasses
suggest that the NBOs increased with the increase of the SiO,/Al,0, and La,0,/(Al,0,+MgO) ratios, which
is consistent with the FTIR analysis. The AT of the glasses was also examined from the obtained T, and T,. The
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Fig. 4. (A, B) DTA curves and (C, D) quantitative values of the glass transformation temperatures (T ), glass
crystallization temperatures (T ), and thermal stabilities (AT = T —T,) of the GDMC-Si and the GDMC-La
glass systems.
Glass label T A (°C) | T, (°C) | AT (°C)
GDMC-Si59 | 686 910  [224
GDMC-Si61 | 679 922 243
GDMC-Si62 | 681 908 227
GDMC-La0.2 | 690 918 228
GDMC-La0.4 | 687 922 235
GDMC-La0.8 | 684 920|236
GDMC-Lal.2 | 681 931 250
Table 4. Quantitative glass transformation temperature (T ), glass crystallization temperatures (T,) and
thermal stability (AT) in the alkali-free aluminoborosilicate glasses.
AT should be > 100 °C to minimize the possibility of devitrification during the glass-fiber spinning process’. All
glasses showed good AT that exceeded 224 °C, which indicates that the GDMC-Si and the GDMC-La glasses in
this study have enough stability against devitrification. Notably, the GDMC-La glasses showed higher thermal
stability than that of the reference glass (GDMC-Si59), ensuring the feasibility for fiber spinning.
TMA curves of the GDMC-Si and the GDMC-La glasses were measured to investigate the thermomechanical
properties, such as the dilatometric glass transition temperature (T, ), dilatometric softening temperature (T,),
and coefficient of thermal expansion (CTE). Figure 5(A) and (B) depict the TMA curves of the GDMC-Si and
the GDMC-La glasses, respectively. Characteristic properties, such as the T, , T,, and CTE, were determined
from the TMA curves and listed in Table 5. Figure 5(C) and (D) show the quantltatlve T T,, and CTE values
with respect to the S$iO,/Al,0, and La,0,/(Al,0,+MgO) ratios in the GDMC-Si and the GDMC-La glass
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Fig. 5. (A, B) Thermomechanical curves and (C, D) quantitative values of the dilatometric glass transition
temperatures (T, ), dilatometric glass softening temperatures (T, ), and coefficients of thermal expansion
(CTE) in the GDi\/IC-Si and the GDMC-La glasses.
CTE
Glass label ng (°C) | Ty (°C) | (X1079/K) | Reference
GDMC-Si59 | 693 784 3.41
GDMC-Si61 | 698 853 4.43 This work
GDMC-Si62 | 686 854 4.65
GDMC-La0.2 | 699 841 448
GDMC-La0.4 | 700 851 4.55 This work
GDMC-La0.8 | 697 872 4.67
GDMC-Lal.2 | 681 826 459
E-glass - 846 5.4 4
NE-glass - - 3.3 16
AGY L-glass | - 850 39 17
Table 5. Quantitative dilatometric glass transition temperature (T, ), dilatometric glass softening temperature
(T, and coefficient of thermal expansion (CTE) values of the alkaii—free aluminoborosilicate glasses.
systems, respectively. The onset point, which is the temperature corresponding to the intersection of the two
linear parts with different slopes, was used to represent the T, . The T, of the GDMC-Si glasses were in the
range of 693-686 °C and were close to those obtained from the STA measurement. The T,_of the glasses were
in the range of 784-854 °C. The T, decreased and the T, increased with the increase of the SiO,/Al,O, ratio
from 5.8 to 8.4. The T, and T, of the GDMC-La glasses were in the range of 699-681 °C and 872-826 °C with
the increase of the Lazf)S/(AIZO3 +MgO) ratio from 0.013 to 0.084. The T, decreased from 699 to 681 °C with
the increase of the La,0,/(Al,0,+ MgO) ratio from 0.013 to 0.084, while ﬁae T, increased from 841 to 872 °C
with increasing ratio up to 0.055 and then decreased to 826 °C for further increase in the ratio of 0.084. The CTE
was obtained by linear fitting of the curves in the temperature region between 25 and 200 °C. The CTE of the
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Fig. 7. Variations of the dielectric constant (Dk) and dielectric dissipation factor (Df) with respect to the glass
densities in the (A) GDMC-Si and (B) GDMC-La glasses.

GDMC-Si glasses increased from 3.41 to 4.65 (X107%/K) with the increase of SiOZ/AIZGO3 ratio from 5.8 to 8.4,
respectively. The CTE of the GDMC-La glasses were in the range of 4.48—4.67 (x107°/K) with the increase of
La,0,/(AL,0,+MgO) ratio from 0.013 to 0.084. The decrease in T, d and the increase in CTE with the increase of
the SiO, at the expense of AL,O, or La, 0, at the expense of (AL,O,+MgO) in the studied glasses are caused by
the depolymerization of the silicate glass network. The variations in the T, , T, , and CTE within the investigated
compositional range are consistent with the changes observed in the FTIR spectra. The T, and of the present
glasses are compatible with those of commercially available glasses, such as E-4, NE-!¢, and AGY L-glasses'”.
These low T, and CTE values indicate that the GDMC-Si and the GDMC-La glass systems are applicable for the
development of PCB substrates.

Figure 6(A) shows the dielectric properties of the GDMC-Si glasses with respect to the SiO,/Al,0, ratio at
a frequency of 10 GHz. The Dk and the Df of the GDMC-Si glasses at a frequency of 10 GHz were in the range
of 4.73—4.50 and 3.09—2.86 (x107%), respectively. Figure 6(B) shows the dielectric properties of the GDMC-La
glasses with different La,0,/(AL,O, + MgO) ratios. The Dk and the Df at a frequency of 10 GHz for the GDMC-
La glasses were in the range of 4.80—4.98 and 3.14—3.57 (X1073), respectively. As shown in Fig. 6(A), the Dk and
the Df decreased from 4.73 to 4.50 and 3.09 to 2.86 (x1073) with the increase of the §i0,/AL 0, ratio from 5.8 to
8.4, respectively. For the GDMC-La glass system, the Dk increased from 4.80 to 4.98 and the Df were in the range
of 3.14—3.57 (x1073) with the increase of La,0,/(Al,0, +MgO) ratio from 0.013 to 0.084, as shown in Fig. 6(B).

According to the well-known Clausius-Mossotti (CM) equation'®, the Dk depends on the glass density and
the polarizability of the glass constituents. The density of the glasses decreased with the substitution of SiO, for
AL, resulting in the decrease of the Dk, as shown in Fig. 7(A). Conversely, the density of the GDMC-La glasses
increased with the increase of La,0,, resulting in the increase of the Dk, as shown in Fig. 7(B). In addition, the
polarizability of the glass constituents plays an important role in their dielectric properties'®. The polarizability
of Si** (0.033A3) is lower than that of the substituted AI** (0.054A2)'°, Thus, the GDMC-Si glasses with increased
SiO, contents are expected to have lower polarizabilities and this contributed to the decrease of Dk in the glasses.
Similarly, the increase of Dk in the GDMC-La glasses may be explained by considering the polarizability. The Dk
increased with the increase of La,0, substituting for Al,O, and MgO in the GDMC-La glasses can be attributed
to the high polarizability of La** (1.052 A%) compared with those of AI** (0.054A) and Mg?*(0.094A)1%-2.,

The dielectric polarizability (a,) of the GDMC-Si and the GDMC-La glasses was estimated using the CM
equation shown below:
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W= \4aN, ) | Dk 12
where V_ is the molar volume and N, is the Avogadro number (6.023%10?3 mol!). The ap, values of the GDMC-

Si glasses were found to decrease from 6.08 to 5.88 A® with i increasing SiO, content from 59.5 to 62.7 mol%,
respectively. The ay, values of the GDMC-La glasses were found to increase from 6.10 to 6.26 A3 with | increasing
La,O, content from 0.2 to 1.2 mol%, respectively. This explains that the Dk decreased with increasing SiO,
and increased with increasing La,0, are attributed to the decrease and the increase of a;, in the GDMC-Si and
GDMC-La glasses, respectively.

The Df of glasses is influenced by ion migration and network connectivity properties® %23, At lower
frequencies (< 1 GHz), the ion migration contributes to the Df°-8, whereas at higher frequencies (>1 GHz),
the Df is mainly influenced by the network losses?**. The Df of the GDMC-Si glasses decreased upon the
substitution of SiO, for Al,O,. Such a decrease in the Df is attributed to the more covalent [SiO,] tetrahedra that
replacing the more ionic [AlO, ]~ tetrahedra. As a result, the Df decreases, because in covalent bonds the electron
density is more evenly distributed between two atoms. Therefore, the displacement of ions in the glass network
is expected to be less pronounced by an external electromagnetic field. Furthermore, the decrease of Df may be
due to the dominance of the three-fold boron [BO,], which is less polarizable when compared to the four-fold
[BO,] as confirmed from the FTIR spectra in the GDMC-Si glasses. The Df of the GDMC-La glasses decreased
w1th the substitution of LaZO for A1,O, and MgO up to 0.8 mol% may be attributed to a higher coordination
environment of La** ions in the glass network. In addition, the larger atomic weight of La,O,reduced the motion
of the mobile ions, resulting in the decrease of the Df%12, Moreover, the Df decreases with the increase of La,0,as
a result of an increase of NBOs which reduces the R** (R=Mg, Ca) ions mobility in the glass network. However,
the microscopic origin of Df in the multicomponent glasses at GHz frequency range is to be more explored.

The Dk and the Df of the GDMC-Si and the GDMC-La glass systems along with the reported commercial
glasses are shown in Table 6. The Dk values of the GDMC-Si and the GDMC-La glass systems reached a
minimum of 4.50 and 4.75, respectively, while their Df values reached a minimum of 2.86x10- and 3.01 x107>.
Notably, the present glasses showed lower Dk and Df values than those of the commercial E-glass (Dk: 6.9, Df:
7.0x107% at 10 GHz), L-glass (Dk: 4.8, Df: 3.0x107 at 10 GHz), NE-glass (Dk: 4.7, Df: 3.5x10° at 10 GHz), and
InnoFIBER LD (Dk: < 5.4, Df: 4.0x10%at 1 GHz)!"*!617, The characterization of glasses in the mm-wave region
(> 10 GHz) is of great interest for 5th generation of mobile communications??. Table 6presents the Dk and the
Df values of the GDMC-Si59 and the GDMC-La0.2 glasses measured at higher frequencies of 28 GHz and 40
GHz. The measurement results show that the Dk decreased and the Df increased with increasing frequency
in the range of 10 to 40 GHz for both the glasses, which are consistent with the reported characteristics in the
literature?>?*. The decrease in Dk with frequency may be due to the decrease of polarizability that is caused by
the phase lag between the dipole alignment and the electric field as the frequency increases?>?*. The trend of Df
with frequency can be attributed to the network losses that originated from the movements of parts of the glass
network structure??%,

Figure 8(A) and (B) show the schematic diagram of continuous fiber spinning process and the photograph of
the fiber spinning equipment, respectively, consisting of 10 nozzle bushing, binder roller, winder, and temperature
controller. As stated before in relation to the DTA data, since the thermal stability of AT was large > 224 °C, both
series of glasses was expected to be stable enough against crystallization during the fiber spinning process at high
temperature of 1380 °C. We selected two glass compositions, the GDMC-Si59 and the GDMC-La0.2 with a size
of 65 x 65X 10 mm? and about 800 g weight each (Fig. 8(C)) for fiber spinning process. Melting and spinning was
carried out at the same time. Firstly, the glass slab was melt in the bushing by increasing temperature successively
from 1350 °C (42 min), 1370 °C (15 min), to 1380 °C (13 min) to obtain a homogenized melt. Then, the melt was
allowed to drop from the 10 bushing nozzles with each hole size of ¢1.5x 3 mm? (Fig. 8(D)). Finally, the 10 glass
fibers were drawn through the nozzles at 1380 °C for the duration of 100 min and the 10 fibers were combined
to one fiber strand. Then, the fiber strand was collected by winding it on a spool with a diameter of 155 mm at a

at 10 GHz at 28 GHz at 40 GHz
Glass label Dk | Df(x1073) |Dk |Df(x107%) | Dk |Df(x1073) | Reference
GDMC-Si59 | 4.73 | 3.09 4.70 | 4.40 4.64 | 4.78
GDMC-Si6l | 4.72 | 2.97 - - - - This work
GDMC-Si62 | 4.50 | 2.86
GDMC-La0.2 | 4.80 | 3.14 4.81 | 4.56 4.78 | 4.76
GDMC-La0.4 |4.83 | 3.17
GDMC-La0.8 | 4.86 | 3.01 This work
GDMC-Lal.2 | 4.98 | 3.57
E-glass 6.90 | 7.00 - - - - -4
NE-glass 4.70 | 3.50 - - - - 1-416
AGY L-glass | 4.80 | 3.00 - - - - =417

Table 6. Dielectric constants (Dk) and dissipation factors (Df) of the alkali-free aluminoborosilicate glasses at
10, 28, and 40 GHz.
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Fig. 8. (A) Schematic diagram of continuous fiber spinning process; Photographs of the (B) continuous
melting spinning equipment, (C) bulk glass sample; (D) drawing of the glass melt from the bushing nozzle, and

(E) the fiber strands on the spool.

Fig. 9. SEM images of the (A) GDMC-Si59 and (B) GDMC-La0.2 glass fibers, and (C) GDMC-Si59 glass fibers
in the fiber strand.

spinning speed of 500 rpm. Note that the fiber tension was adjusted by controlling the spinning speed. The fiber
strand with a total length of 25 km and diameter of about 10 pm was obtained (Fig. 8(E)).

The surface of the drawn fibers was examined using the scanning electron microscope (COXEM, EM-30 N).
Figure 9(A) and (B) display the SEM images of the GDMC-Si59 and the GDMC-La0.2 glass fibers at the different
sections. The fibers of the both glasses showed smooth surfaces at all the sections and the fiber diameter was
determined by averaging the measured diameters obtained from various fiber samples at different sections. The
average fiber diameter of the both the GDMC-Si59 and the GDMC-La0.2 fiber samples was 9+0.1 pm. Figure
9(C) shows the SEM image of the glass fibers in the fiber strand. As can be seen from the image, it should be
noted that the glass fibers in the fiber strand exhibited a smooth surface without any wrinkles.

Since glass fiber strands are used as a reinforcing element for composite structures, mechanical properties of
tensile strength and elastic modulus were measured*-?’. A fiber from the GDMC-Si59 and the GDMC-La0.2

Scientific Reports |

(2024) 14:27749 | https://doi.org/10.1038/s41598-024-79456-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 10. Photographs of the (A) GDMC-Si59 and (B) GDMC-La0.2 fibers attached to the paper frames for the
mechanical test.

fibers with a length of 20 mm was attached to the paper frames using adhesive as shown in Fig. 10 and tensile
tests were conducted using the universal testing machine (INSTRON 5544, 2712-013, USA) equipped with aload
cell of 10 N at 0.5 mm/min. Measurements were made with 10 samples of each fiber to obtain a representative
set of results. The average tensile strengths were found to be 1.886 and 1.982 GPa for the GDMC-Si59 and the
GDMC-La0.2 fibers, respectively. The average Young’s moduli were found to be 46.847 and 45.492 GPa for the
GDMC-Si59 and the GDMC-La0.2 fibers, respectively. The increase in tensile strength of the GDMC-La0.2 fiber
with the addition of La,0, may be attributed to the higher cation field strength of La**ions that form stronger
La-O bonds in the glass network®!228, On the other hand, the decrease in Young’s modulus of the GDMC-La0.2
fiber sample with the addition of La,0, is caused by an increase of the concentration of three-fold boron, that
is BO,, since the BO, units make the structure less densely packed even in low boron-containing glasses. This
agrees well with the early findings that E- and ECR-glass fibers have higher Young’s modulus than that of the new
D-glass fibers having high content of B,0,*. The increase of three-fold BO, units in the GDMC glasses with the
addition of La,0, was confirmed from the structural analysis (see Fig. 2(B)).

Conclusions

We fabricated two series of alkali-free aluminoborosilicate glasses without and with La,O, by the melt-quenching
method. With the additions of SiO, and La,0, in the alkali-free aluminoborosilicate glass system, the decrease
of the T_ and the increase of the CTE were found, which is due to the depolymerization of the glass network
confirmed by the FTIR analysis. Depolymerization of the glass network connectivity with the substitution of
Si0, for AL, O, in the GDMC-Si glass system is due to the decreasing vibrations of the bridging Si—O (Si—0O,)
bonds around 1024 cm™ and increasing vibrations of the non-bridging Si—O (Si—O ;) bonds around 899 cm™
(Q"). The degree of polymerization decreased in the GDMC-La glass system with the substitution of La,O, for
AlLO, and MgO because of the dominance of the Si-O_, bonds around 899 cm™ (Q").

The glass with the highest SiO, content of 62.7 mol% showed lower Dk and Df values of 4.50 and 2.86 x 1073
in the present glasses. Notably, the Dk and Df values of the present glasses were lower than those of the
commercial E-glass (Dk: 6.9, Df: 7.0x 1073 at 10 GHz), L-glass (Dk: 4.8, Df: 3.0x 10~ at 10 GHz), and NE-glass
(Dk: 4.7, Df: 3.5% 107> at 10 GHz). The La**-doped glasses are attractive for PCB applications as they exhibit
lower CTE and dielectric property (Dk & Df) than the alkali-containing glasses which generally provide higher
CTE and dielectric property. All the glasses exhibited excellent thermal stability (AT) of > 224 °C, low softening
temperatures of 784-872 °C, and low CTEs of 3.41—4.67x 1079/K that are comparable to those of commercial
glasses (AGY, L- and E-glasses).

We have successfully drawn 10 pum glass fibers via continuous melting spinning process and their mechanical
properties were investigated. The average tensile strengths and Young’s moduli were found to be 1.886 and
1.982 GPa; 46.847 and 45.492 GPa for the GDMC-Si59 and GDMC-La0.2 fibers, respectively. The results clearly
indicate that the alkali-free aluminoborosilicate glasses/fibers have application potential as reinforcing materials
in PCB applications at high frequencies.

Data availability
All data generated or analyzed during this study are included in this published article.
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