Superheated steam-induced surface-accelerated amorphous-to-crystalline transition in an aluminosilicate inorganic polymer 
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Abstract:
This study demonstrates that the physical properties of amorphous materials can be effectively modulated by superheated steam and that inorganic glass, as an inorganic polymer, serves as a valuable model system for investigating thermal behavior that is not readily accessible in organic polymers. To elucidate the effects of superheated steam on glass transition and crystallization, powder compacts and plate-shaped CaO–Al2O3–SiO2 (CAS) glass specimens—with a primary composition of 28.6CaO–12.6Al2O3–58.8SiO2 in mol% and well-characterized crystallization behavior—were calcined at 800–1050°C under superheated steam. Thermal analysis of the powder specimens revealed that the onset temperature of the glass transition decreased by 60°C, and the first and second crystallization steps were lowered by 25 and 15°C, respectively, under superheated steam. X-ray diffraction analysis indicated that reflections from surface crystalline phases such as anorthite, wollastonite, and cristobalite appeared at lower temperatures. Additionally, photographs and scanning electron microscopy revealed an increase in the thickness of the surface crystalline layer, indicating enhanced surface crystallization under superheated steam. These results demonstrate that superheated steam promotes surface-accelerated amorphous-to-crystalline transitions of amorphous materials, as demonstrated using the CAS glass as an aluminosilicate inorganic polymer.


Introduction
Precise control in glass transition and crystallization in polymers is essential for optimizing their fundamental properties for practical applications.1-6 This control has therefore been widely achieved by modifying chemical structures, molar mass, molecular orientation, and the degree of cross-linking, as well as by adding plasticizer―all of which require reagents and chemical processes in industrial settings. In such environments, superheated steam―a dry vapor above the boiling point―is a feasible medium for optimizing waste heating without purification. In inorganic systems, the accelerated crystallization of α-alumina (Al2O3)―an industrially important inorganic material―has been studied under superheated steam at temperatures above 800°C since the 1960s.7-9 This crystallization―the γ-to-α phase transformation―is thought to occur vis weakening of Al3+-O2—Al3+ bonds through the addition of water molecules, forming Al3+-(O-H+)-Al3+ linkages that facilitate surface diffusion.7-9 Prior to this phenomenon, the decomposition of polymer binders used in bulk alumina materials can be accelerated under superheated steam.10 To avoid premature decomposition, the conditions for superheated steam exposure must be optimized to control the glass transition and crystallization behavior of polymers. As the concentration of superheated steam decreases, its effect on these thermal transitions becomes less pronounced. In the typical temperature range for polymer glass transition and crystallization, the suppression of superheated steam condensation is essential for maintaining precise instrument conditions. Notably, glass transition precedes crystallization in amorphous materials; however, the role of superheated steam in this process remains unclear. In this context, inorganic glass materials—regarded as inorganic polymers—offer a model system for investigating the effects of superheated steam on glass transition and crystallization in various amorphous systems. Notably, glass crystallization is classified into two types: surface and bulk crystallizations.11-14 The former begins at the glass surface, while the latter requires nucleation agents inside the glass. The resultant materials are glass-ceramics (GCs)—composites composed of both glassy and crystalline phases―whose practical applications have been widely studied.12,13 Among the many GC systems, CaO―Al2O3―SiO2 (CAS) GCs have been used in building materials produced via surface crystallization of glass cullet.12,13 Thus, the surface crystallization of CAS glass under superheated steam offers a promising route to study the effects of superheated steam on glass transition and crystallization, and to provide insights into industrial glass-making processes. In this study, such surface crystallization is investigated. CAS GC—whose crystallization behavior is already well understood—is a suitable candidate. Furthermore, to suppress crack propagation caused by thermal expansion mismatch between the surface and interior, CAS GC is chosen for its ability to undergo bulk crystallization into a single crystalline phase, offering mechanical reinforcement throughout the resultant glass material. The CAS GC with precipitated metastable CaAl2Si2O8―a layered aluminosilicate composed of alternately stacked tetrahedral aluminosilicate and Ca2+ layers―as the bulk crystalline phase is therefore the most suitable candidate in this study.15-22 Additionally, the surface crystalline phase of this CAS GC are anorthite―the stable phase of CaAl2Si2O8―and wollastonite (CaSiO3), which precipitates following anorthite.15 

Experimental
Materials
Calcium carbonate (CaCO3), aluminum oxide (Al2O3), silica (SiO2), and tungsten oxide (WO3) were obtained from Wako Pure Chemical. Carbon was obtained from Kojundo Chemical Laboratory. All chemicals were used without further purification.

Sample preparation
The CAS GC containing the precipitated “Layered AluminoSilicate” (LAS) mentioned above is denoted herein as CAS GC-LAS. This GC was prepared according to a previously reported procedure.15 The melting was carried out at 1550C for 45 min under air in an alumina crucible. The batch was prepared by mixing CaCO3, Al2O3, and SiO2 to form 50 g of 20CaO–10Al2O3–55SiO2 glass (wt%) with outer percentage of 0.08 wt% WO3 and 0.40 wt% (corresponding to 28.6CaO–12.6Al₂O₃–58.8SiO₂ in mol%, with 10.6 mol% C and 0.0175 mol% WO₃). Notably, these two additives acted as nucleation agent sources, and the bulk crystalline phase of CAS GC-LAS is known to precipitate when metallic molybdenum (Mo) or tungsten (W) act as nucleation agents, formed via the reduction of molybdenum or tungsten oxides by carbon combustion during the glass melting process.15-19 As a result, black glass specimens are obtained due to the presence of metallic Mo or W particles.15-19 To ensure glass homogeneity, the glass batch was melted twice. In the first melting step, glass cullet was obtained by pouring the melt into water and subsequently crushing it using an alumina mortar and pestle. In the second step, the melt was poured onto a brass plate pre-heated to 300C, then immediately transferred to a furnace at 600C and annealed at 850 C for 30 min. cooling was performed at 1C/min to relieve a thermal stress.
In this study, two types of glass specimens were prepared. Compacts made from glass powder forms were used to study the influence of superheated steam on glass transition and surface crystallization. Additionally, the plate glass specimens were used to emphasize the extent of surface crystallization. The annealed and cooled glass specimen described above was cut into rectangular pieces approximately 1.25 cm x 1.00 cm with a thickness of 3.00 mm. These surfaces were polished using a grinder (#400). Some of the plate glass specimens were crushed and passed through a 150 µm sieve to obtain powder specimens with visually confirmed uniformity. 
Glass crystallization was performed as follows. All the heating and cooling rates during the heat treatment for crystallization were set to 5C/h, and all the calcination experiments were conducted in a tube furnace. In this study, the superheated steam condition required the use of a carrier gas. Due to instrumental limitations, the superheated steam atmosphere was defined as 80 vol% superheated steams in synthetic air at a total flow rate of 10 mL/min. For simplicity, this condition is hereafter referred to as "under superheated steam”. Liquid water was introduced into the furnace using a liquid delivery pump (PU712 HPLC Pump, GL Science) at a flow rate of 0.02 mL/min and injected through a platinum-rhodium (Pt-Rh) needle housed in a Pt-Rh tube, which extended to the sample position inside the furnace. To prevent condensation of the superheated steam, water injection was started and stopped at 300°C during both the heating and cooling processes. Notably, a silicone tube was connected to a polypropylene bottle on the opposite side of the superheated steam inlet in the tubular furnace. After the superheated steam treatment, water was found to have accumulated in this bottle. This clearly indicates that the sample was exposed to a higher concentration of superheated steam compared to previous reports.23,24 For comparison, calcination under 100 vol% synthetic air was regarded as the condition “under air.” The glass powders were uniaxially compressed into compacts with a diameter of 10 mm and a thickness of 1 mm, and these compacts were calcined at 750, 800, 850, 900, 950, 1000, and 1050°C for 2 h under either air or superheated steam. For comparison, an additional 900 °C compact specimen was prepared by applying superheated steam only up to 850 °C, followed by conventional calcination and cooling under air. Plate glass specimens were heated at 1050 C for 0, 1, 2, 3 or 6 h under air or superheated steam. For comparison, additional specimens were prepared under modified steam exposure conditions; one set where superheated steam was introduced only during heating to the target temperature (1050 C), and another set where it was introduced only after reaching the target temperature (i.e., superheated steam was not applied during the heating and cooling processes). Both sides of all the resultant specimens were polished sequentially using #400, #1000, and #2000 grinders, followed by 0.50 and 0.17 µm diamond water dispersions, and finally with a cerium oxide-containing water dispersion to achieve mirror surfaces. All polished surfaces correspond to the mid-thickness cross-sections of each specimen. Thus, for the plate glass specimens, surface crystallization behavior was examined on the fire-formed surfaces. Regarding the plate glass specimens calcined at 1050 °C, additional specimens were prepared by polishing them just enough to smooth the surface while retaining as much of the surface crystalline phase as possible.

Characterization
[bookmark: _Hlk192688564][bookmark: _Hlk192688615][bookmark: _Hlk192688795]The crystalline phases of the glass specimens were characterized by X-ray diffraction (XRD) using a diffractometer (Empyrean, PANalyical) operated at 40 mA and 45 kV with monochromated Cu Kα radiation. The step size and scan time were 0.01° (2θ) and 1.0 s, respectively. Specimen morphologies of glass cullet and microstructures of GC specimens were examined using field-emission scanning electron microscopy (FE-SEM: SU8000, HITACHI) at an acceleration voltage of 2.0 or 15 kV, with an electron beam energy of 10 or 30 µV, and a working distance of 8 cm for secondary or backscattered electrons (SE or BE), respectively. Prior to observation, the samples were sputter-coated with a 3-nm osmium layer. For simplicity, FE-SEM images obtained using SE or BE are hereafter referred to as SEM (SE) or SEM (BE) images, respectively. Thermal behavior of glass powder specimens passed through a 150 µm sieve was characterized using thermogravimetric (TG) and differential thermal analysis (DTA) curves, recorded on a NETZSCH TG-DTA instrument at a heating rate of 10°C/min under either Ar or Ar containing 50 vol% superheated steam, with Ar serving as the carrier gas. For simplicity, this condition is hereafter referred to as "under superheated steam." This superheated steam concentration represents an experimental limitation. Before initiating the heating process, the temperature was maintained at 150 °C to ensure thermal stabilization. Fourier-transform infrared (FT-IR) spectra were recorded on a JASCO FT-IR instrument with a resolution of 4.0 cm-1 using the attenuated total reflection (ATR) method. For simplicity, FT-IR spectra are hereafter referred to as IR spectra.

Results and Discussion
	Figure 1 shows TG-DTA curves of the glass powder specimens (passed through a 150 µm sieve) under Ar or superheated steam atmospheres. No significant mass changes are observed in the TG curves, while the DTA curves display an endothermic peak in the 700―800°C range and exothermic peaks in the 850―900°C and 1000―1050° ranges. According to a previous study15,22, the endothermic peak corresponds to the glass transition, and the exothermic peaks correspond to the first and second crystallization temperature, respectively. Compared with the Ar condition, the onset of the glass transition is reduced by 60°C under superheated steam. The onsets of the first and second crystallization temperatures are also reduced by 25 and 15°C, respectively. These results indicate that glass transition and crystallization behaviors are accelerated in the presence of superheated steam. The effects of superheated steam on compact and plate specimens are described in the following sections. 
	Figure 2 shows the XRD patterns of compact specimens calcined in the 850―1050°C range under either air or superheated steam (see Sample preparation). Compared with the air condition, reflections attributed to anorthite, wollastonite, and cristobalite appear at 950°C under superheated steam, indicating accelerated surface crystallization of CAS GC-LAS under this atmosphere. Under superheated steam condition, in the 950―1050°C range, the intensities of the diffraction lines corresponding to wollastonite and cristobalite increase after the appearance of anorthite reflections. This trend is consistent with a previous study15; based on the primary composition of CAS GC-LAS used in this study (28.6CaO–12.6Al₂O₃–58.8SiO₂ in mol%), and given that Al preferentially precipitates as CaAl2Si2O8 (see the introduction)15,17, wollastonite (CaSiO3) subsequently appears. In the previous study15, cristobalite reflections were absent during the surface crystallization of plate glass specimens with heating and cooling rates of 10°C/min. In contrast, the increased surface area of the powder compacts used in this study accelerated surface crystallization and promoted Ca consumption, facilitating cristobalite (SiO2) formation. 
	Figure 3 shows photographs of compact specimens calcined in the 800―1050°C range. At 800°C (Figure 3a), the compact under air is easily broken, whereas the one calcined under superheated steam remains intact. However, its surface has a powdery texture. Notably, at 750 °C, the compact specimens are easily broken regardless of the calcination atmosphere. The powders loosely attached to the 800°C specimen calcined under superheated steam consist of relatively larger fragments than those on the air-calcined specimen or in the glass powder before calcination, as revealed by SEM (SE) images (Figure 4). This indicates that glass fusion25-29 is more advanced under superheated steam than under air. Considering the powdery texture of the 850°C compact under air and the glassy surface of the corresponding specimen under superheated steam (Figure 3b)―along with the lower temperature shift of the endothermic peaks in the DTA curves (Figure 1)―it is indicated that the glass transition of the CAS glass used in this study is accelerated under superheated steam. 
[bookmark: _Hlk197259377]Meanwhile, as the calcination temperature increases from 900 to 1050 °C, the compact size becomes larger under superheated steam compared to that under air. Notably, no visible differences are observed among the compact specimens calcined at 950, 1000, and 1050 °C under superheated steam; hence, the photograph of the 1000 °C specimen is not shown. This size increase is thus attributed to the effect of superheated steam. This phenomenon occurs after the glass transition, as evidenced by comparing the 900 °C compact specimen exposed to superheated steam only up to 850 °C (see Experimental) with the specimen calcined entirely under superheated steam (Figures 3c and the inset).Given the presence of numerous voids observed in the SEM (BE) image of the 1050°C specimen calcined under superheated steam―which are absent in the corresponding specimen calcined under air (Figure 5a and b)―it is indicated that superheated steam was incorporated into the glass above the glass transition point and was eventually degassed30, resulting in void formation. Furthermore, the absence of significant differences in the complex microstructures―including the grain sizes of crystalline phases―between the compact specimens under air and superheated steam (Figure 5a” and b”) clearly rules out the possibility that these voids were generated as a result of volume change relaxation during crystallization.31 In general, water molecules is commonly added to stirred glass melts by bubbling during melting.32 Nevertheless, the resulting water content is typically less than 1 mol% in sodium-containing glasses.33 Additionally, no significant differences are observed in the OH stretching region of compact specimens calcined the 800―900°C range (Figure S1). Moreover, although the white surface layer―which indicate surface crystalline phase―of the plate glass specimen calcined at 1060 °C for 6 h under superheated steam is approximately 100 µm thicker than that of the corresponding specimen calcined under air (Figure 6c and d), SEM (BE) images of their interiors (relatively dark regions; Figure 6) reveal that the microstructures of the bulk crystalline phases (Figure S2)—characterized by arbitrary cross-sections of house-of-cards-like assemblies of platy LAS particles with edge-to-face contacts, as revealed in previous studies15-19—are essentially the same. This is further supported by the XRD patterns of the plate specimens calcined at 1050 °C (Figure S3b and d), which match those reported previously. Although the PDF pattern of the bulk crystalline phase precipitated in the glass is not publicly available, it was clearly presented in earlier studies15-22, one of which included a detailed phase analysis.21 Consequently, these results indicated that superheated steam did not significantly penetrate into the inside of the glass used in this study.
	As mentioned above, the thickness of the surface crystalline layer on the plate glass specimen increases under superheated steam (Figure 6a-d). This is further supported by the SEM (BE) images of the white surface layers of plate glass specimens calcined at 1050°C for 6 h (Figure 7). Figure 7b’, representing a cross-section approximately 120 µm―midway between Figure 7b and b”―corresponds closely to the difference in surface layer thickness (120 µm = 460 – 340 µm: see Figure 6a and b). The surface crystalline phases are the same as those observed in the compact specimens (Figures 2d, 2h, S3a, and S3c). The significant difference is absent in the thickness of the plate glass specimens calcined at 1050°C under air for 6 h, as well as those treated with superheated steam only up to 1050°C or only during that temperature (Figure 6c-f). Given the lack of significant differences in the microstructures of compact specimens calcined at 1050°C (Figure 5), superheated steam does not appear to affect the nucleation behavior of CAS glass with the present composition. Additionally, the surface crystallization of this glass is not promoted by the type of rapid ion diffusion discussed in alumina-based systems7-9 (see Introduction). Unfortunately, the fire-formed surfaces of plate glass specimens calcined for less than 3 h were not visually homogeneous. Moreover, the influence of the bulk crystalline phase on the growth of surface crystalline layers could be investigated by altering the glass composition and bulk morphology, although such changes may increase the risk of surface layer delamination. While further studies will require a wide range of glass compositions and morphologies, the results in this study indicate that continuous exposure of glass above its glass transition temperature under superheated steam is critical for accelerating surface crystallization in bulk glass materials.
	Based on the results and discussion above, the possible mechanism is proposed as follows. The lower-temperature shift of the endothermic peak attributed to glass transition (Figure 1), the relatively higher strength of the compact calcined at 800°C under superheated steam compared to that under air, the presence of larger fragments in the 800°C specimen under superheated steam than in the corresponding air-calcined specimen or the uncalcined glass powder (Figure 4), and the general understanding that glass fusion begins in the initial stage of sintering via surface diffusion26,28,29,34-37 collectively suggest that the glass transition of amorphous materials is accelerated by enhanced surface diffusion under superheated steam. In general, a decrease in the glass transition temperature enhances ion diffusion, thereby lowering the crystallization temperature of glass.14,38 Therefore, the accelerated surface crystallization observed in the CAS glass used in this study is likely due to a reduction in its glass transition temperature under superheated steam. Given the unchanged surface crystallization behavior of CAS glass specimens subjected to only partial superheated steam exposure (Figure 6c–f), and the low likelihood of superheated steam penetrating into the glass, it is suggested that changes in the physical properties of the glass are governed by the atmosphere surrounding its surface region. Notably, the effects of humidity and water vapor on surface crystallization of silicate glasses have been previously discussed.23,24 Water vapor is considered to influence the size of nucleation sites and the crystallization rate, but it does not correlate with the number of nucleation sites—likely due to relatively low vapor concentrations and moderate temperatures used in those studies.23,24 Additionally, accelerated surface diffusion, as discussed in alumina systems7-9, cannot be excluded and may depend on the extent of surface crystalline phases.23 Moreover, many of these studies applied water vapor during only the early stages of treatment and proceeded with crystallization in dry conditions. In contrast, continuous exposure to high concentrations of superheated steam—a dry vapor—may yield different effects across various glass compositions. Therefore, the detailed mechanisms may be further clarified by investigating a range of glass compositions, morphologies, and surface crystalline phases with precisely controlled surface roughness, as well as by examining the effects of superheated steam in the presence or absence of bulk crystalline phases. These studies are currently underway, and the results will be reported in due course.

Conclusions
This study clearly demonstrated that the physical properties of amorphous materials can be effectively controlled by superheated steam and that inorganic glass, as an inorganic polymer, serves as a useful model system for investigating thermal behavior not easily accessible in organic polymers. To clarify the effects of superheated steam, CaO–Al2O3–SiO2 (CAS) glass specimens—both powder compacts and plate forms—were calcined at 800–1050°C under either superheated steam. TG-DTA analyses revealed a 60°C decrease in the onset of glass transition and 25–15°C reductions in the onset of crystallization. Complementary characterizations using X-ray diffraction, scanning electron microscopy, and surface photographs showed earlier appearance of surface crystalline phases such as anorthite, wollastonite, and cristobalite, along with thicker surface crystalline layers under superheated steam—indicating enhanced surface crystallization. These findings establish a clear relationship between superheated steam exposure and accelerated surface crystallization through the lowering of the glass transition point. Therefore, this study sheds light on the broader utility of glass materials, as inorganic polymers, for exploring thermal processes that are not easily investigated in organic systems. Furthermore, these insights pave the way for future studies aimed at tuning composition and morphology to control crystallization in a wide range of inorganic or organic amorphous materials.1-6,11-14,39,40
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[image: ]Figures 
[image: ]Figure 1. TG-DTA (dotted and solid lines) of the CAS glass powder passed through a 150 µm sieve under (a) Ar and (b) superheated steam. 
Figure 2. XRD patterns of compact specimens calcined at 850, 900, 950, and 1050 °C under (a–d) air and (e–h) superheated steam, respectively.

[image: ]Figure 3. Photographs of compact specimens calcined at 800, 850, 900, 950, and 1050 °C (a–e), with each pair showing samples treated under air (top) and superheated steam (bottom). The inset shows the compact specimen prepared by applying superheated steam only up to 850 °C, followed by conventional calcination and cooling under air.
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Figure 4. SEM (SE) images of (a) the powder specimen before calcination and the compact specimens calcined at 850°C in (b) air and (c) superheated steam.


[image: ]Figure 5. SEM (BE) images of the compact specimens calcined at 1050 °C under air (a) and superheated steam (b). Enlarged images are shown in (a’), (a”), (b’), and (b”), respectively.
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Figure 6. Photographs of (a) the surface layers and (b) the interiors of plate specimens calcined at 1050 °C for 6 h under air and superheated steam (left and right, respectively); enlarged images of their lower edges are shown in (c) and (d), along with the corresponding parts of specimens treated with superheated steam only up to 1050 °C and only during 1050 °C in (e) and (f), respectively. 


[image: ]Figure 7. SEM (BE) images of the edges of the plate specimens calcined at 1050 °C for 6 h under air (a) and superheated steam (b). For the air-treated specimen, the image just below the edge is shown in (a’). For the superheated steam-treated specimen, a thicker surface layer required two depth-resolved images, shown in (b’) and (b”), respectively.


[image: ]TOC
Superheated steam lowers the glass transition temperature of polymeric amorphous materials by enhancing surface ion diffusion, thereby accelerating crystallization.
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