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A B S T R A C T   

Thermal conductivity is a key property of oxide glass, especially for building applications such as thermal 
insulation materials and windows or glazed facades. However, this property is difficult to be predicted since it 
depends on several factors such as the degree of order/disorder and porosity. Here, we report on the effects of 
crystallization, crystalline phase, and crystal size on the thermal conductivity of a melt-quenched silicate glass. 
These effects were studied by heat-treating the glass at the onset crystallization temperature for different du-
rations to vary crystallinity in the samples. The results show a general increase in thermal conductivity with 
crystallinity and crystal size in the nano-range (<75 nm). The growth of devitrite and combeite phases in the 
glass has a great impact on the thermal conductivity. Interestingly, an anomaly of thermal conductivity is found, 
i.e., the thermal conductivity of the sample with a relatively low crystallinity of <15 % is reduced by >20 % 
compared to that of the pure glass phase. This may be attributed to the grain boundaries between amorphous and 
crystalline phases, which scatter the phonons and thus reduce the thermal conductivity. These results imply that 
nano-crystallization in window glass might be a useful way to reduce the heat loss from glazed facades in the 
building envelope.   

1. Introduction 

Oxide glasses are important materials for our society as they have the 
potential to be used for solving great challenges in energy storage, 
renewable energy production, and energy efficiency. Energy demand for 
indoor space heating and cooling can be reduced by optimizing insu-
lation materials for buildings, such as glass wool, stone wool, and glass 
foams [1,2], or by reducing the heat transfer through window panes, e. 
g., through coatings [3]. For these applications, it is crucial to under-
stand how to tune the thermal conductivity of glassy materials. How-
ever, this is relatively scarcely reported. 

Thermal conductivity is greatly influenced by both the micro- and 
macrostructure of materials. On the microstructural level, the amor-
phous versus crystalline structure is of great importance. The long-range 
order in crystals generally results in a higher thermal conductivity 
compared to their amorphous counterparts [4,5], with a few exceptions 
[6]. The long-range order allows for the propagation of vibrational 
modes and reduces the phonon-phonon scattering which is found in 
disordered structures [7]. Given the significance of heat transfer in both 
crystalline [8] and amorphous systems, it is of compelling interest to 

deepen the understanding of thermal conductivity in materials to en-
gineer future materials with extremely low thermal conductivity [9]. 
Therefore, comprehending the thermal transport in disordered materials 
necessitates understanding the scattering of phonons [10]. 

It is generally established that the thermal conductivity of glass de-
creases with network depolymerization [11]. The extent of such 
decrease depends on the types of both network-forming cations (Si, B) 
[12] and modifying cations (alkali and alkaline earth metals) [13,14]. 
Grain boundaries in crystalline materials significantly lower the 
macro-scale thermal conductivity due to phonon-phonon scattering 
[15]. Thus, it may be feasible to reduce the thermal conductivity of 
amorphous solids by introducing grain boundaries, thereby creating 
glass-ceramics. A molecular dynamic (MD) simulation study showed 
that the thermal conductivity of silica glass increases with increasing the 
fraction of incorporated crystalline nano-thread and nano-plate [16]. 
Likewise, the incorporation of crystalline MnO2 and Fe2O3 into cathode 
ray tube glass through powder sintering increased the thermal conduc-
tivity compared to melt-quenched ones with similar compositions [17]. 

In the present work, we attempt to find out if the thermal conduc-
tivity of glasses can be reduced by introducing grain boundaries through 
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partial crystallization. To do so, we used a soda lime silica-based glass 
composition, into which Li2O and MgO were introduced to facilitate the 
crystallization process. The glass was produced by melt-quenching and 
then heat-treated at the onset crystallization temperature for various 
durations to obtain samples with different relative crystallinity. The 
correlation between the crystallinity and thermal conductivity was 
explored. 

2. Experimental 

2.1. Glass preparation 

A silicate glass was produced by melting at 1250 ◦C for 2.5 h in a 
Pt90Rh10 crucible in air using an electric furnace. The melt was poured 
onto a brass plate at room temperature, then annealed at 540 ◦C. The 
composition was determined using X-ray fluorescence spectroscopy 
(Malvern PANalytical Zetium XRF) and is shown in Table 1. We note that 
the Li2O content is estimated between 1.5 and 1.9, which depends on the 
additional Li2O content introduced into the flux when preparing the XRF 
sample. 

2.2. Glass characterization 

Glass discs were cut and polished to dimensions approx. 6.2 mm 
diameter and approx. 1.4 mm high. The glass transition temperature (Tg) 
and crystallization temperature (Tc) were determined from heat capacity 
by differential scanning calorimetry (DSC) with a sapphire as reference 
using a simultaneous thermal analyzer (STA, Netzsch 449F1 Jupiter). A 
glass disc of approx. 28 mg was heated in a lidded platinum crucible to 
650 ◦C at 10 ◦C min− 1 and cooled at the same rate. A second upscan to 
950 ◦C was used to determine Tg [18] and Tc. A new sample was heated 
at 10 ◦C min− 1 to Tc and isothermally heat treated for 5 h. 

Glass discs were isothermally heat treated at 795 ◦C (=Tc) for 
different time intervals (0 min–24 h) to crystallize. After heat treatment, 
the samples were further polished to approx. Ø = 5.9 mm and approx. H 
= 1.4 mm to fit sample holders for thermal characterizations. We note 
that this post-treatment removes some surface nucleation. 

The thermal conductivity (λ) of the crystallized glasses was calcu-
lated from Eq. (1) using the specific heat capacity (Cp), density (ρ), and 
thermal diffusivity (α): 

λ=Cpρα (1) 

The density was calculated using Archimedes’ principle with ethanol 
as the auxiliary liquid. The thermal diffusivity was measured by Laser 
Flash Analysis method (LFA, Netzsch LFA 447 NanoFlash) at 25 ◦C. The 
glass discs were coated with graphite spray to ensure proper laser ab-
sorption and surface temperature measurement by the infra-red sensor 
of the LFA apparatus. The isobaric specific heat capacity (Cp) was 
determined using a simultaneous thermal analyzer (STA, Netzsch 449F3 
Jupiter) equipped with liquid nitrogen for active cooling, heating from 
− 120 ◦C to 300 ◦C at 10 ◦C min− 1 and by comparing the heat flow data 
with those of a sapphire standard with known Cp values at different 
temperatures. 

The relative crystallinity was studied by X-ray diffraction (XRD) on 

powdered samples using an Empyrean diffractometer (PANalytical) 
equipped with a Cu Kα radiation. The samples were analyzed in the 2θ 
range 10–120◦ with a step size of 0.013◦. The relative crystallinity was 
calculated using Eq. (2) after baseline correction using the total area 
under the peaks for glass (Ag), partially crystallized glass (Ax), and 
completely crystalline sample (Ac). The equation is modified from 
Ohlberg and Strickler [19] using peak intensities. The complete crys-
tallinity of the sample is assumed after 24 h of heat treatment. 

Crystallinity=
Ag − Ax

Ag − Ac
100 % (2) 

The crystallite sizes of different crystalline phases were calculated 
using Scherrer’s equation, and the crystalline phases were identified 
using Highscore software (PANalytical) through comparison of dif-
fractograms to diffractograms from the International Centre for 
Diffraction Data (ICDD). 

Table 1 
Composition of melt-quenched glass deter-
mined by X-ray fluorescence.  

Component Wt% 

SiO2 60.4 
CaO 17.9 
MgO 7.0 
Na2O 11.9 
Li2O 1.5–1.9 
LOI 0.8–1.2  

Fig. 1. Determination of the glass transition temperature (Tg) and the onset 
temperature of crystallization (Tc) from specific heat capacity measurement for 
the melt-quenched glass. Inset: the heat flow versus time curve to show the 
crystallization event during isothermal treatment at Tc. Red dashed lines: the 
way to determine Tg and Tc. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. X-ray diffraction pattern of the studied glass that was heat-treated at Tc 
for 0 min (annealed after melt-quenching), 20 min, 50 min, and 24 h. 
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3. Results and discussion 

The characteristic temperatures of glass transition (Tg) and crystal-
lization (Tc) are determined from the heat capacity curve (Fig. 1). Tg is 
determined as the onset temperature of the glass transition peak 
(534 ◦C) and Tc is determined as the onset of the exothermic peak 
(794 ◦C). Isothermally heat treating the glass at Tc for approx. 80 min 
leads to an almost complete crystallization event (inset of Fig. 1). 

The heat treatment under different conditions results in various 
crystalline phases in the glass-ceramics (Fig. 2). After 20 min, minor 
diffraction peaks become visible. After 24 h, the sample is assumed 
highly crystalline. The main crystalline phases identified in the sample 
are devitrite, diopside, and a combeite-like phase (Na4.4Ca3.8Si6O18), 
which generally agrees with literature for crystallization of similar glass 
compositions [20–22]. 

Based on the baseline-corrected X-ray diffraction pattern of samples 
heat treated for various durations, the crystallinity is calculated through 
Eq. (2). The relative crystallinity is found to increase from 0 to approx. 
80 % in less than 2 h (approx. 0.8 % min− 1). After 3–5 h, the sample is 
close to completely crystallized, agreeing with the isothermal DSC re-
sults (inset of Fig. 1). Within the first 40 min, a relatively low crystal-
linity is found (<20 %). The minor drop in crystallinity from 20 to 40 
min might be a result of mainly surface crystallization occurring at the 
initial stage. As described earlier, the samples were repolished after heat 
treatment which removed some surface crystallization. After prolonged 
crystallization time, the bulk of the samples becomes more crystalline, i. 
e., exhibits an increased relative crystallinity. It is of interest to study 
whether the crystallinity increase is caused by formation of new crys-
tallites, or by the growth of the existing crystallites. Considering the 
three main phases, limited changes are found in the crystallite size for 
devitrite and diopside up to 80 % of crystallinity. On the other hand, the 
samples with higher crystallinity (>90 %) show an increase in crystallite 
size. The combeite phase is found to gradually increase in size with 
crystallinity, suggesting that the crystallization of this phase is domi-
nated by the crystal growth process rather than by the formation of new 
crystallites. It was reported in a previous study [23] that the maximum 
crystallite size increased from 650 to 985 μm in a bioactive soda lime 
silica glass with phosphate. This growth was achieved by extending the 
crystallization time from 28 to 39 min at 840 ◦C, which is well above Tg. 
Additionally, the volume fraction of the crystal phase was observed to 
increase from 5 to 12 % [23]. Considering the significant increase in 
crystal size upon heat-treatment as reported in the literature, we infer 
that, in our present study, the increased crystallinity is a result of 
nucleation rather than crystal growth. The crystal growth is not evident 
until a relative crystallinity of >95 % is obtained, where a significant 

increase in the size of devitrite and combeite crystals is observed 
(Fig. 3b). 

The crystallinity dependence of the density of the glass-ceramics is 
shown in Fig. 4. The density is not affected by the crystallinity before 
reaching a relative crystallinity of approx. 70 %. Once the relative 
crystallinity increases further, the density increases significantly as also 
found in Ref. [24]. 

The thermal conductivity of the amorphous samples is found to be 
approx. 1.04 W m− 1 K− 1 (Fig. 5a), which agrees with what is theoreti-
cally predicted by the Choudhary and Potter model (1.06 ± 0.11 W m− 1 

K− 1) [25]. The relation between thermal conductivity and crystallinity 
shows an anomaly as thermal conductivity initially decreases with 
crystallinity (0.78 W m− 1 K− 1 at 11.5 % crystallinity), followed by an 
increase at a crystallinity of 18.5 % and higher. The reduction in thermal 
conductivity is possibly caused by grain boundaries between amorphous 
and crystalline phases. The thermal conductivity is found to gradually 
increase with crystallinity up to approx. 65 %, after which the thermal 
conductivity greatly increases until the relative crystallinity reaches 100 
%. The anomaly in the dependence of thermal conductivity on crystal-
lization could be due to the following mechanism. First, the thermal 
conductivity is reduced by an increased phonon scattering since 
boundaries between the amorphous phase and the crystalline phase is 

Fig. 3. a) Crystallinity change with increasing thermal treatment at Tc. The dashed line shows the trend in crystallinity. b) The change in crystallite size of the most 
dominant crystalline phases with increasing crystallinity. 

Fig. 4. Density of the glass-ceramics as a function of crystallinity. The error 
range is generally smaller than the size of the symbols. 
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formed [26]. This suggests that the created boundaries between amor-
phous and crystalline structures cause a greater phonon scattering than 
that found in the purely amorphous structure. Kearney et al. [27] 
observed a similar anomaly in amorphous-silicon and inferred that the 
increase in thermal conductivity after the anomalous decrease was a 
result of an increasing order in the structure due to crystallization. This 
confirms that the phonon travels faster in the ordered structure than that 
in the disordered one. 

The significant difference in thermal conductivity for the highly 
crystalline samples (crystallinity >95 %) could be explained by the in-
crease in sizes of both devitrite and combeite nanocrystals (Fig. 3), as 
well as by the general increase in average crystallite size (Fig. 5b). This is 
in accordance with the results from the literature [28]. We note that at 
low thermal conductivity (around 1.2 W m− 1 K− 1), the average crys-
tallite size is larger than that of around 1.8 W m− 1 K− 1. This is attributed 
to the fact that the size of the small combeite crystallites could not be 
determined at a crystallinity of 51 % and 65 % (Fig. 3b). Consequently, 
these average sizes are only calculated from devitrite and diopside. The 
results imply that the growth of devitrite and combeite phases is the 
driving force for the increase of thermal conductivity as the diopside 
crystals remains constant. Samples with 99.2 and 100 % relative crys-
tallinity exhibit remarkably larger crystallites than those at 97.3 % 
relative crystallinity (approx. 70 nm vs. 40 nm), which is due to the 
prolonged thermal treatment allowing for crystals growth, and poten-
tially merging. These larger crystals enable the phonons to pass through 
the material and thereby increase the thermal conductivity. 

4. Conclusions 

Glass-ceramics were obtained by heat treatment of a silicate glass 
(composition similar to window panes) at its crystallization temperature 
for different durations. The treatment led to formation of mainly three 
crystalline phases, i.e., devitrite, diopside, and combeite. All nano-
crystals exhibit a small size of <75 nm, though an increasing size is 
found for combeite with crystallinity, while devitrite mainly grew at 
high crystallinity. The relative crystallinity strongly influences the 
thermal conductivity of glass-ceramics, increasing from 1.04 to 2.75 W 
m− 1 K− 1 as the amorphous state is changed to fully crystalline state. At a 
high crystallinity, an increase of the crystal size could greatly enhance 
the thermal transport. 

An anomaly exists in the relation between thermal conductivity and 
crystallinity, i.e., thermal conductivity can be greatly reduced by facil-
itating nano-crystallization. To lower the thermal conductivity, the 
relative crystallinities should be controlled within the range of 8–15 %, 
resulting in a decrease in the thermal conductivity of >20 % compared 

to the conductivity of glass state. In other words, adjusting the crystal-
linity to the range 8–15 %, and generating the relatively small nano-
crystals could be an approach to develop glasses for future low-energy 
window panes and glass-based insulating materials. Thus, this work 
contributes to energy saving in the building sector. 
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