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Abstract

:

Design considerations of the lead-based glass composition was broadened beyond the two known criteria of matched index of refraction and thermal coefficient of expansion to include previous studies of thick film materials. Five criteria for the glass-design composition were used: matched index of refraction and thermal coefficient of expansion, components (MgO and Al2O3) to slow down dissolution of spinel (MgAl2O4) into the glass, non-crystallizing glass in a broad temperature range and glass with good chemical durability. Synthesis and characterization of glass, glass paste preparation and its application to spinel substrates to form coating and bonding and optical characterizations in the UV, VIS and IR of coated, uncoated, and bonded spinel substrates of two commercial sources are described. Enhancement of transmittance exceeding the theoretical value of polished spinel was found for the first time when glass coating was applied to a ground face of semi-polished spinel.
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1. Introduction


The cost of production of ceramic parts in current technologies, and specifically, in single crystal sapphire (Al2O3) and ceramics comprising spinel structures (MgAl2O4), is high due to an expansive processing and polishing procedure. In ceramic polishing, the expansive machining or polishing of the surfaces is unavoidable in most cases in which the end product is required to transmit light. The difficulties involved in polishing ceramics and particularly spinel structures can result in a large fraction of the total cost being associated with surface finishing and polishing. To reduce these high polishing and finishing costs, a refractive index matched glass coating is applied to the hard inorganic substrates to render them transparent. The fired glass coating can be polished if required using conventional polishing methods which are very cheap. The feasibility of coating a hard inorganic material such as sapphire with a lead-based glass frit was demonstrated on small tiles [1] and on large area windows which were coated and bonded with glass [2]. The selection criteria for the glass compositions used for coating in the cited above works were index of refraction and probably linear coefficient of expansion matching to the ceramic substrate. Are these criteria sufficient for lead-based glass for coating sapphire and spinel? The answer is no if we consider studies in thick film technology and materials. High lead-based glasses which are used in thick film materials are very reactive and interact with the ceramic substrates (96% Al2O3, 99% Al2O3, sapphire) at moderate temperatures. These glasses dissolve substantial amount of the substrate [3,4] during firing at Birox® profile (fast ramp to 850 °C dwell of 10 min at 850 °C, fast cool down to room temperature, the whole profile is 30 to 60 min). Dissolution of the substrates into the glass changes the properties of the glass.



Spinel ceramic (MgAl2O4) is a durable, isotropic material with outstanding optical and mechanical properties and has been the subject of intensive research efforts in the last 70 years [5,6,7,8,9]. Some of its diverse applications were reported in reference [5] and other applications are collected in references [10,11,12,13,14,15,16,17,18,19].



The size of the substrates synthesized was scaled up to large windows [11,12] that can be used for transparent armor as a strike-face layer. Large substrates have coarse-grained structure; evaluation [20] “showed that, under the same loading conditions, the flexure strength of coarse-grained spinel was approximately 75 MPa while the strength of a fine-grained (i.e., <25 μm), sintered spinel was close to 200 MPa”. High-strength substrates are still limited in size, and a suitable bonding material is required to make large windows.



Low-fire high-barium leadless borosilicate glass frit, Pemco-626, was used to coat unpolished and polished spinel substrates [21]. The glass has TCE similar to spinel, measured TCE 7.3 × 10−6/°C, calculated [22] TCE 7.6 × 10−6/°C, but the index of refraction is not matched to spinel. The glass adhered very well to the spinel, and coating improved the transparency of unpolished spinel, but transparency is still low. Recently, a lead borosilicate glass composition was suggested for joining (edge joining) spinel tiles [23]. The glass matched the index of refraction, and TCE to spinel and joining was performed at 760 °C.



This study is based on a patent application [24]; it deals with modified lead silicate composition (melted in 2015), which contains Al2O3, MgO, ZnO and TiO2 in addition to PbO and SiO2. Five criteria were used to design the composition: index of refraction and TCE matched to spinel, glass ingredients (Al2O3, MgO) to slow down dissolution of spinel into the glass, non-crystallizing glass composition at a broad temperature range, and a durable glass composition. The paper also details synthesis of glass, glass paste, measurements of optical properties of coated and uncoated spinel substrates, edge, and face-to-face bonding of spinel tiles. In addition, to lead-based glass, the paper also details the synthesis and some properties of leadless-glass compositions based on an La2O3-MgO-ZnO-Al2O3-B2O3-SiO2 system.




2. Experimental


Analytical reagent grade SiO2, PbO, MgO, ZnO, TiO2, Al (OH)3 and Hammond Lead glass B15 powder (composition in wt.% SiO2-34; PbO-63:Al2O3-2: TiO2-1) were used as batch materials. Batch materials were mixed in a polyethylene container then placed into Pt crucible and heated in a box furnace at 1200–1400 °C to melt and homogenize for 0.5 to 3 h. Glass melt was poured into water to obtain glass frit. Glass frit dried in the oven at 150 °C, and then it was ball milled with alumina grinding media (200 g raw frit and 200 mL isopropanol) for 24 h. After separation of the alumina grinding media, the slip was passed through 325 and 400 mesh stainless screens and let evaporate in the hood, and then they were dried in an oven at 150 °C for several hours. The batch size was about 500 g and four batches were melted.



Before fritting, the melt was cast into pre-heated box-shaped stainless-steel modular molds to form glass bars of 5 × 0.8 × 0.8 cm3. The bars were annealed for 0.5 h in an electric box furnace. Annealing temperature (Tan) was estimated according to the formula Tan = Tg + 10 °C. The glass bars were cut and polished to produce parallel faces. Linear coefficients of expansion were in the temperature range of 25–300 °C (TCE25–300); the glass transition temperatures (Tg) and the dilatometric softening points (Td) were measured with an Orton dilatometer, model 1000D, at a heating rate of 3 °C/min. The measurement accuracy of the linear coefficient of expansion was ±10%. Part of the expansion bar (after annealing) was cut to provide a small piece, which was polished and used to measure the index of refraction at the sodium D line. Index of refraction was measured with Atago company, Japan refractometers models 4T and DR-A1.



Glass compositions of the system La2O3-MgO-ZnO-Al2O3-B2O3-SiO2 were synthesized from analytical reagent grade H3BO3, SiO2, Al (OH)3, ZnO, MgO and La2O3. MgO and La2O3 were first heated at 1000 °C for one hour to decompose hydroxides and carbonates which form in storage. Batch ingredients were melted in Pt crucible at the temperature range of 1350 to 1450 °C and kept at peak temperature for 1 to 3 h, and then glass bars were cast as described above and annealed at 660 °C. Batch size was about 50 g. Thermal expansion and the index of refraction were measured as described above. Glass powder was made by crushing the glass bar to a coarse powder, and then the coarse powder was milled in a Spex sample prep. model 8000M (Metuchen, NJ, USA) for 60 min.



The glass paste consists of inorganic particulate (glass powder) and organic materials. The organic materials used consisted of a mixture of diethylene glycol dibutyl ether, terpineol, and ethyl cellulose. The ingredients of the paste are weighed together in a container and vigorously mixed to form a uniform blend; then, the blend is passed through dispersing equipment, such as a Muller, to achieve a good dispersion of particles. Preparation of the glass paste can also be done by grinding the paste ingredients (glass powder 70%, solvents (terpineol and diethylene glycol dibutyl ether) 20% and medium 10% (medium is a solution of ethyl cellulose10% in terpineol 45% and diethylene glycol dibutyl ether 45%)) in an agate mortar and pestle. For a larger quantity of paste a three-roll mill can be used. In this study the paste was applied to the spinel substrates manually by spreading it with a spatula; for large area substrates, a screen printer maybe used.



The coating is a one-stage process; paste is applied (thickness of coating is controlled using the weight of the paste, and the thickness of the fired glaze is about 50 microns) to the surface or edge of a substrate (two types of commercial spinel substrates were used: one made by Ceramtech and the second by Rafael companies), and paste is spread to cover the whole face or the edge, and then the coated substrate is left at room temperature so the paste can level. After leveling, the coated substrate is heated in an oven at 150 °C for 30 min to evaporate a large fraction of the solvents to obtain dry paste (the dry paste still contains the ethyl cellulose and a small part of the solvents). After drying, the coated substrate is fired in profile I (Figure 1). Profile I has two slow-heating segments which allow evaporation, pyrolysis, and burning of the organic materials, and then fast ramping at 20 °C/min to 1100 °C, dwelling of 24 min at 1100 °C then cooling the segment at 20 °C/min to 560 °C, and then, dwelling for 1 h to anneal the glass coating and then cooling it down at 20 °C/min to room temperature. After profile I, a glazed surface or edge is obtained. The bonding or the joining of two faces or edges is a two-stage process; the faces or edges of two substrates are processed as described above using profile I to obtain two glazed faces or edges. Glazed faces or edges are placed one on top of the other, glazed faces or edges are in contact and fired in profile II (Figure 2). Profile II has only fast ramping at 20 °C/min to 1100 °C, dwelling of 24 min at 1100 °C, then cooling of the segment at 20 °C/min to 560 °C, and then dwelling for 1 h to anneal the glass and then cooling it down at 20 °C/min to room temperature. After profile II, two bonded substrates at faces or edges are obtained.



Surface area was measured using the BET method using Quantachrome Nova Touch LX3 (FL, USA). Surface area of ball-milled glass powder was 1.63 m2/g.



Spectra in the UV-VIS and IR ranges were measured with Jasco V-530 and Thermo Nicolet 6700, respectively.




3. Results and Discussion


Table 1 presents the composition, in mole% and wt.%, of the glass of this study. According to the design criteria, the composition contains about 6 mole% of alumina and magnesia to slow down dissolution of spinel into the glass. The references cited [3,4] conducted a comprehensive study on the lead-based-glass compositions and analyzed the alumina content dissolved into the glass and correlated it with the glass composition. As the alumina content in the lead silicate increased, the glass dissolved less alumina from the substrate. The following citation is from the conclusions section of reference [4]: “These results suggest that the glass frit component of a resistive paste should contain an adequate amount of alumina in order to prevent further dissolution, to get a constant composition in the film, and so, uniform electrical properties of thick-film resistors”. This supports the design criteria. Spinel is a source of alumina and magnesia. Inclusion of alumina and magnesia in the glass will slow or prevent dissolution of spinel in the glass. This assumption also follows from Le Chatelier’s principle. Inclusion of alumina and magnesia also raises the viscosity of the glass, and higher glass viscosity slows down the kinetics of spinel dissolution into the glass.



Lead oxide controls the viscosity and increases the refractive index, and titania increases the index of refraction and the glass durability. Zinc oxide was added to lower thermal expansion and to add another modifier to suppress crystallization.



The lead-based glass of Table 1 is unique: it does not crystallize on repeated heating at 1100 °C; it has low viscosity at high temperatures; it has TCE and Nd matched to spinel; and very good chemical durability.



Table 2 collects the glass transition Tg, dilatometer softening point Td, linear coefficient of expansion in the temperature range of 25–300 °C, TCE25–300, and the refractive index Nd of four glass batches melted. The calculated [22] TCE is 5.9 × 10−6. The calculated TCE is in good agreement with the measured values. All four batches have consistent values of Tg, Td, and Nd.



Glass compositions based on the La2O3-MgO-ZnO-Al2O3-B2O3-SiO2 system are shown in Table 3. Properties of the glasses of Table 3 are collected in Table 4. The lanthanum-based glasses prepared have high Tg, TCE compatible with spinel, and Nd like spinel. However, the lanthanum-based system crystallizes when heated above 850 °C and is not suitable for coating spinel.



Figure 1 and Figure 2 were detailed in the experimental section. The dwell of 24 min at the high temperature of 1100 °C, well above the Tg, allows the release of gas bubbles from the glass coating because of the low viscosity of the glass at this temperature. Release of gas bubbles improves the optical quality of the glass coating.



Figure 3 shows the transmittances of polished substrates of Rafael company in the UV-VIS range: -33a is single substrate (two reflections), -33b is two substrates stacked together with cellotape on the edges (four reflections), and -33c is three substrates stacked together with cellotape on the edges (six reflections).The single substrate (-33a) is transparent in the UV down to 200 nm, and its transmittance in the VIS is high, almost like the theoretical value 86.8.



Figure 4 shows the IR transmittances of the substrates of Figure 3. The figure shows a small absorption band around 3380 cm−1, which is probably the absorption of OH groups in the ceramic and an indication of a processing stage which involved water (milling in water) during the preparation of the spinel.



Figure 5 shows the transmittance in the UV-VIS range of coated semi-polished spinel of Rafael. Figure 5 shows high transmittance in the VIS range that is larger than that of a polished substrate. This result is unexpected because a glass coating on a polished spinel surface usually decreases the transmittance; see figure "transmittances of polished spinel (JH-052-100A) and polished spinel coated with glass on one face (JH-052-100B1)". The surface of the spinel (ground) may be the source of enhanced transmission shown in Figure 5, but further studies are required to better understand this unusual behavior.



The comparison of the transmittances of polished (-33a) and coated semi-polished (-31a) spinel substrates in the UV-VIS range is shown in Figure 6. Figure 6 shows that the uncoated polished spinel (-33a) is transparent in the UV almost down to 200 nm. The coated semi-polished spinel (-31a) has a total absorption of up to about 310 nm, and its transmittance in the VIS is larger than the theoretical value (86.8%). The absorption in the UV is due to an allowed 1S0 to 3P1 transition of Pb2+ ions in the glass. The transmittance of the semi-polished coated spinel (-31A) is larger than that of the polished spinel (-33A).



The comparison of the transmittances of polished (-33a) and coated semi-polished (-31a) spinel substrates in the IR range is shown in Figure 7. Figure 7 shows the IR transmittances of Figure 6’s substrates; the glass-coated semi-polished spinel (-31a) has better transmittance than the polished (-33a) substrate and the glass coating did not add new absorption bands, and only below 2177 cm−1 did the polished substrate have slightly better transmittance.



Figure 8 and Figure 9 show the transmittances of polished Ceramtech substrates at the UV-VIS and IR ranges, respectively. In the figures, the transmittance of a single substrate (two reflections), two substrates stacked together with cellotape on the edges (four reflections), and three substrates stacked together with cellotape (six reflections) on the edges are shown to compare them to Figure 3 and Figure 4 which show the substrates of Rafael. Ceramtech substrates (Figure 8) have absorption in the UV of up to 245 nm; Rafael’s substrates have no absorption in the same wavelength range. The transmittances of Ceramtech’s in the VIS are similar to those of Rafael’s substrates. Figure 9 shows that Ceramtech spinel has large absorption bands in the IR at 3370 cm−1 and a shoulder at 3550 cm−1. The absorption bands in the IR are the absorption of OH groups in the ceramic and an indication of a processing stage which involved water (milling in water) during the preparation of the spinel.



Figure 10 shows a comparison of transmittances of Rafael glass bonded (two polished substrates, face-to-face bonded with glass) with two polished spinel substrates stacked together with cellotape on the edges. The glass-bonded (-36) spinel has the expected absorption in the UV, but its transmittance at the VIS is high and similar to the transmittance of a single polished spinel. The transmittance of the stacked polished spinel is lower in the VIS because of four reflections; the glass-bonded spinel behaves like it has only two reflections.



Figure 11 shows the IR spectra of the substrates of Figure 10 (Rafael). The glass-bonded spinel (-36) has better transmittance in the IR, and the glass did not have any noticeable absorption bands.



Figure 12 shows the UV-VIS transmittances of Rafael polished substrates:



-33A is single spinel, 0.8 cm thick; -33B is two spinel substrates taped together with cellotape on the edges, 1.6 cm thick; and -36 is two substrates face-to-face bonded with glass, 1.6 cm thick. The two-glass-bonded (-36) unit has VIS transmission similar to a single spinel, and almost identical. The cellotape-stacked-two-spinel unit has a lower transmission in the VIS because of the four reflections.



JH-052-33 A: polished spinel 0.8 cm thick.



JH-052-33B: two polished spinels taped together at the edges 1.6 cm thick.



JH-052-36: two face to face glass bonded spinels 1.6 cm thick.



Figure 13 and Figure 14 are pictures of edge-bonded spinels (Ceramtech) to demonstrate formation of a large area substrate from small substrates.



Figure 15 and Figure 16 present the UV-VIS and IR of polished Rafael substrates, some face-to-face glass bonded, and some stacked together with cellotape on the edges, respectively. In Figure 15, the single (-100A), the two substrates stacked together (-100C), and the four substrates stacked together (-100E) have no glass, and their transmittances start at UV at about 200 nm. The single substrate (-100B1) coated with glass (only one face coated) is compared with the single polished substrate (-100A). Comparison shows that coating one face with glass reduced the transmittance in the VIS; the reduction is very small but noticeable. Here, the glass coating was applied to a polished face, and the result was reduction of transmittance in the VIS. When coating was applied to the ground face of semi-polished spinel (Figure 5), the result was an increase in transmittance well above the theoretical value. The two substrates stacked together (-100C) are compared with two substrates face-to-face bonded with glass (-100D1), and (-100D1) has a larger transmittance in the VIS, while (-100C) has a lower transmittance because of four reflections. (-100D1) has a lower transmittance than the single substrate coated with glass (-100B1) in some of the VIS range, but its transmittance in the VIS is high. The four-stacked-together substrates (-100E) are compared with the four substrates that are face-to-face glass bonded (-100F1); transmittance of the glass-bonded substrates (100F1, thickness 3.2 cm, single substrate thickness is 0.8 cm) is much higher than (-100E) in the VIS. Transmittance of (-100F1) is comparable to the transmittance of two substrates glass bonded (-100D1); the glass-bonded substrates behave like a single substrate, i.e., two reflections.



Figure 16 shows the IR spectra of the substrates of Figure 15. Comparison of the single polished substrate (-100A) with the single coated (only one face coated) substrate (-100B1) shows that they have similar, almost identical, transmittance in the 2400–4000 cm−1 range, and below 2350 cm−1 the transmittance of the polished uncoated (-100A) substrate is better than that of the one-face-coated polished spinel (-100B1). Comparison of the two polished stacks with cellotape on the edges (-100C) with the two polished, face-to-face glass-bonded substrates (-100D1) shows that -100D1 has better transmittance than -100C. Both show the absorbance at 3380 cm−1 (see also Figure 4 for polished substrates; all substrates have this band which is typical to Rafael spinels) and development of new faint band at 3560 cm−1. Comparison of the four polished substrates stacked with cello tape (-100E) with the four face-to-face glass-bonded substrates (-100F1) shows that -100F1 has better transmittance than -100E. As the number of substrates increases the cut-off (where total absorption starts), it shifts to a shorter wavelength.




4. Conclusions


A unique glass composition, which has a matched index of refraction and TCE tailored to be slightly lower than the TCE of spinel to put the glass coating under compression contains ingredients (MgO and Al2O3) to slow down the dissolution of spinel (MgAl2O4) into glass, is non-crystallizing in a broad temperature range and repeated firings, and has good chemical durability, was prepared and described.



Glass coating, when applied to the polished face of spinel, slightly reduced the transmittance relative to polished spinel.



Glass coating, when applied to semi-polished spinel (one face polished the second ground, coating applied to ground face) enhanced the transmittance above the theoretical value of spinel. This new phenomenon first reported here requires further studies to understand how and why the glass coating added a feature of anti-reflecting.



Face-to-face-bonded spinel substrates behave like a single substrate, i.e., have two reflections even for four substrates face-to-face bonded. A thick transparent spinel unit made from face-to-face-bonded substrates was demonstrated.
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Figure 1. Heating profile I. 






Figure 1. Heating profile I.
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Figure 2. Heating profile II. 






Figure 2. Heating profile II.
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Figure 3. UV-VIS transmittances of polished spinel substrates (Rafael). 
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Figure 4. IR transmittances of polished spinel substrates (Rafael). 
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Figure 5. Transmittance of Rafael spinel semi-polished (one face polished, second face ground, coated with glass paste on ground face and fired). 
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Figure 6. Comparison of transmittances of polished (JH-052-33A) and glass-coated spinel (JH-052-31A) in the UV-VIS semi-polished. 
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Figure 7. Comparison of transmittances of polished (JH-052-33A) and glass-coated semi-polished spinel (JH-052-31A) in the IR. 
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Figure 8. UV-Vis of polished substrates JH-051-86A-C (Ceramtech). 
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Figure 9. FTIR of polished substrates JH-051-86A-C (Ceramtech). 
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Figure 10. Comparison between two Rafael glass-bonded spinels (-36) and two stacked polished spinels (-33B). 






Figure 10. Comparison between two Rafael glass-bonded spinels (-36) and two stacked polished spinels (-33B).



[image: Ceramics 07 00008 g010]







[image: Ceramics 07 00008 g011] 





Figure 11. Comparison between two Rafael glass-bonded spinels (-36) and two polished spinels (-33B). 
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Figure 12. Comparison among polished single, two substrates taped together and two substrates bonded by a glass (Rafael). 
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Figure 13. Polished substrates (Ceramtec) edge bonded with glass. 
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Figure 14. Two polished spinel structures (Ceramtec) edge bonded with glass. 
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Figure 15. Comparison among transmittances (UV and VIS) of polished substrates, single with no coating, single with coating (one face coated with glass), two stacked together with tape, two bonded with glass, four stacked together with tape, and four substrates face-to-face bonded with glass. 
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Figure 16. Comparison among transmittances (FTIR) of polished substrates, single with no coating, single with one face coated with glass, two stacked together with tape, two face-to-face bonded with glass, four stacked together with tape, and four substrates face-to-face bonded with three layers of glass. 
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Table 1. Glass composition.






Table 1. Glass composition.





	Ingredient
	Mole Percent
	Weight Percent (wt.%)





	PbO
	25.83
	54.89



	MgO
	5.98
	2.3



	ZnO
	5.98
	4.63



	Al2O3
	5.98
	5.81



	SiO2
	55.08
	31.51



	TiO2
	1.13
	0.86










 





Table 2. Properties of glass compositions of batches 1, 2, 3, and 4.






Table 2. Properties of glass compositions of batches 1, 2, 3, and 4.





	Glass Code
	Tg (°C)
	Td (°C)
	CTE 100–300°C (10−6/°C)
	Nd





	Batch 1
	568
	605
	7.02
	1.727



	Batch 2
	553
	602
	6.1
	1.727



	Batch 3
	565
	606
	5.89
	1.719



	Batch 4
	564
	610
	6
	1.728










 





Table 3. Glass compositions of the system La2O3-MgO-ZnO-Al2O3-B2O3-SiO2.






Table 3. Glass compositions of the system La2O3-MgO-ZnO-Al2O3-B2O3-SiO2.





	

	
Mole Percent




	
Ingredient

	
I

	
II

	
III






	
La2O3

	
17.75

	
22.00

	
24.00




	
MgO

	
6.00

	
6.00

	
6.00




	
ZnO

	
12.00

	
12.00

	
12.00




	
Al2O3

	
12.25

	
14.00

	
12.00




	
B2O3

	
15.00

	
11.00

	
15.00




	
SiO2

	
37.00

	
35.00

	
31.00











 





Table 4. Properties of glasses of the system La2O3-MgO-ZnO-Al2O3-B2O3-SiO2.






Table 4. Properties of glasses of the system La2O3-MgO-ZnO-Al2O3-B2O3-SiO2.





	Sample
	Tg °C
	Td °C
	TCE100–300°C (10−6)
	Nd





	I
	688
	726
	7.2
	1.717



	II
	-
	-
	7.6
	1.748



	III
	702
	745
	8.2
	1.774
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