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 1.0 INTRODUCTION
 Recovered glass can be formed into useful articles by filling a refractory mold with powdered glass and
 heating the glass and mold to a high temperature so that the glass sinters or flows to take the shape of
 the mold. The process requires precise engineering of both mold materials and mold design to match
 the glass type, the product application, and scale of the operation.
 There are several physical constraints which must be considered for successful glass sintering. The
 design of the mold must be such that there are no undercuts or reverse entries that would prevent
 removal of the solidified glass article after heat treatment. Differences in the thermal contraction
 characteristics of the glass and the refractory mold must be considered and the design of the mold must
 be such that the glass article does not lock in or become stressed during cooling.
 Some glass casting processes use a mixture of plaster of paris and silica sand as a one-time mold
 material. The plaster of paris degrades during high temperature exposure and the mold can be broken
 away from the cast piece. However, it is of interest, for economic and practical reasons, to have a mold
 material which can be used several times to produce multiple pieces. Industrial materials called castable
 refractory concrete are widely used for furnace linings and multiple-use mold materials in metallurgical
 and ceramic industries. These materials consist of a refractory hydraulic setting cement phase, typically
 compounds of calcium oxide and aluminum oxide called calcium aluminates, and an aggregate material.
 The concretes are generally classified according to their aggregate as silica- or alumina-based materials.
 The type of aggregate largely determines the temperature capabilities and thermal expansion
 characteristics of the refractory.
 Attempts to use castable refractories for glass molding sometimes encounter problems when the glass
 sticks to the mold so that either the glass article or the mold breaks while separating the two. The
 purpose of this assessment was to investigate different mold materials, surface release agents, and
 different heating schedules to improve release characteristics and produce molds suitable for multiple
 use cycles without sticking or breaking.
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2
 2.0 PROCEDURES
 In the following sections, castable refractory shapes are referred to as molds and the original shapes
 used to define the molds are referred to as models.
 2.1 THERMAL GRADIENT FURNACE
 A thermal gradient furnace was used to investigate the flow and sintering characteristics of various
 glasses as a function of temperature. It consists of a SiC element furnace with a muffle tube 2.5 inches
 in diameter and 26 inches long (6.4 cm by 66 cm). The elements and furnace design establish a natural
 gradient from the center of the furnace to cooler sections at either end. A hearth in the lower half of the
 muffle tube contains thermocouples placed at intervals so that the temperature can be measured as a
 function of position. A typical run with a 5 hour heating cycle heating the center of the furnace to 1000 oC resulted in the following temperature profile:
 Position from Temperature Temperature Center (inches) (Degrees C) (Degrees F)
 0 1000 1832 2 922 1692 4 810 1490 6 714 1317 8 580 1076 9 415 779 10 355 671 11 245 473
 Long, slender castable refractory molds with a cavity approximately 1 by 1 by 12 inches (2.5 cm by
 2.5 cm by 30.5 cm) were fabricated and tested in the thermal gradient furnace to determine the
 glass/mold interactions as a function of temperature. Results are described in Section 3.0.
 2.2 UNIFORM TEMPERATURE FURNACE
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3
 A SiC element box furnace with a heating chamber approximately 12 by 12 by 12 inches was used for
 the uniform temperature treatments. Molds made for the gradient trials and new molds with a 6 inch
 square cavity 3/4 inch deep (15.2 by 15.2 by 1.9 cm) were used. Two heating cycles were employed:
 a fast cycle, 5oC/min. (9oF/min) with 15 minutes at peak temperature and a slow cycle, 2.5oC/min.
 (4.5oF/min) with 30 minutes at peak temperature. All specimens were cooled in the furnace and
 required several hours to reach room temperature. Results are described in Section 3.0.
 2.3 GLASS MATERIALS
 Clear recovered container glass ground to 6 mesh (3.36 mm opening) and 20 mesh and smaller (0.84
 mm opening) was used. Some red glass from a local producer of stained glass was also provided for a
 preliminary trial.
 2.4 MOLD MATERIALS
 Two general types of castable materials were used in this investigation. The first type contained fused
 silica as the aggregate1 and the second type contained calcined kaolin or fireclay grog as the aggregate2.
 Manufacturer’s data for castable refractories are given in Appendix A. The major difference between
 the two materials was the thermal expansion coefficient. The silica based material had a very low
 coefficient of approximately 0.5 x 10-6 /oC, while the fireclay material had a thermal expansion
 coefficient of 8.5 x 10 6/oC. This becomes important when considering the relative contraction on
 cooling from the processing temperature. The thermal expansion coefficient of typical container glass is
 approximately 9.6 x 10-6//oC. With regard to sticking and release, both refractories gave similar results.
 The fireclay based material cost less than the silica based material.
 2.5 MODEL MATERIALS
 1 Easy Cast, National Refractories and Minerals Corp., Livermore, CA 94550 (510-449-5010) 2 Lo Cast 50, North American Refractories Co., Cleveland, OH 44115 (216-621-5200) See Appendix A
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 The refractory concrete can be cast against any model provided the model surface is well sealed and
 care is taken to ensure there are no undercuts to prevent release from the model. As will be shown
 later, a smooth, nonporous surface on the refractory is essential for glass release. As the castable will
 faithfully reproduce the model surface, care must be taken during this stage of the process.
 Flexible polyurethane’s3 smooth surface and durable construction make it a good model material,
 particularly for production of a large number of molds. The urethane model must first be formed by
 casting against an original positive model of the final mold shape. Manufacturer’s data for polyurethane
 is given in Appendix B.
 When a small number of molds is required, the refractory can also be cast directly against wood
 provided the model surface is smooth and well sealed. For example, the wood model can be sealed
 with a spray polyurethane paint and further sealed with several coats of paste wax.
 2.6 CASTING REFRACTORY CONCRETE
 The suppliers of castable refractories provide instructions for mixing and casting. It is important to
 follow the specifications for water content to avoid a mix that is too stiff or too wet. For example, the
 Lo-Cast product specifies 6.75 to 8 % water by weight (dry cement basis). The mixing can be done by
 hand in various batch sizes provided adequate containers and tools are used to ensure thorough mixing.
 Mixing should continue for approximately 15 minutes as the flow characteristics of the castable change
 dramatically with mixing time. A thin sprayed coating of ordinary cooking oil4 on the model before
 casting will facilitate removal of the cast ceramic mold from the model. The casting must be vibrated by
 bumping, shaking, or with a mechanical vibrator to ensure a smooth surface against the model. After
 casting, the ceramic mold is covered with plastic to prevent premature drying while the hydraulic set
 occurs. After 24 hours the mold can be removed from the model, air-dried for 24 hours, and then in a
 dryer for an additional 24 hours at moderate temperatures (less than 100oC; 212 oF). The mold is then
 3 PMC - 744, Smooth-On, 1000 Valley Road, Gillette, NJ 07933 (908-647-5800) See Appendix B 4 PAM spray-on release agent
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5
 fired to 900oC (1650oF) to remove water and stabilize the ceramic. Small molds can be fired at ramps
 of 300oC/hr (572oF/hr) while large molds with thick sections should be heated more slowly and allowed
 to equilibrate at the peak temperature.
 To prevent flow and mechanical sticking of the glass, it is important to repair any defects such as pores
 or bubbles appearing on mold surfaces that contact the glass. An air setting refractory mortar of the
 type used to make thin joints in refractory furnace walls is suitable for this purpose.5 This mortar is a
 thick, flowable particle suspension which is applied to the mold with a small spatula and smoothed in
 place before it sets hard at room temperature.
 5 SairSet Kiln Mortar, Seattle Pottery Supply, Seattle, WA 98134 (206-587-0570)
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 3.0 RESULTS
 3.1 THERMAL GRADIENT TRIALS
 The temperature gradient tests showed that clear glass was fully sintered and did not stick to the surface
 of the concrete in the temperature range of 870 - 920oC (1598-1688oF). Although the glass first shows
 signs of shrinkage and sintering at 600oC, it did not flow and was porous and easily broken. At lower
 temperatures the glass did not sinter and was weak and friable. At the coolest end of the test mold, it
 was essentially unchanged. At temperatures above 920oC the glass became fluid, wetting the mold and
 becoming firmly attached to the mold surface. In these conditions, because the mold material had
 thermal contraction less than that of the glass, major cracking and crazing of the glass occurred because
 of its greater shrinkage during cooling.
 The red glass was either unsintered or very fluid and stuck to the mold, indicating a very short working
 range and a very rapid change in viscosity with temperature. The glass began to flow at 760 to 780oC
 (1400 to 1436oF) and immediately stuck to the walls of the mold.
 3.2 UNIFORM TEMPERATURE TRIALS
 Using the temperature range specified in Section 3.1, uniform temperature trials were run on both
 1 x 1 x 12 inch and 6 x 6 x 3/4 inch molds using minus 6 and minus 20 mesh glass materials.
 3.2.1 1 x 1 x 12 inch Molds
 Both the fast cycle (3.33 hr. to 920oC, 15 min. at peak temperature) and the slow cycle (6.66 hr. to
 870oC, 30 min. at peak temperature) resulted in strong sintered glass that released easily from the mold
 without sticking or wetting. The slow cycle (870oC) corresponded to a 011 standard cone∗ . The initial
 charge of powdered glass was one inch deep, and the final part thickness was 0.6 inches for a shrink
 factor of 0.6 times the initial depth. Lateral shrinkage was negligible. The two different size glass
 ∗ Cones are used to measure the actual amount of heat work during a firing.
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 powders behaved similarly, except that the large particle size material was more translucent and had a
 more visible grain structure.
 3.2.2 6 x 6 x 3/4 inch Molds
 This larger mold was used to simulate tile and flat patterned relief products that can be produced
 through sintering. The slower heating cycle was used for the larger tile. To ensure proper heating
 through the entire charge, which contained about twice the glass content as the bars, a one hour dwell
 time at peak temperature was used. Strong, dense tiles that released easily from the cement mold were
 obtained. The final thickness from the 3/4 inch deep charge was about 1/2 inch resulting in a shrink
 factor of 0.6 to 0.62 times the initial depth. The dimensional change in the lateral direction was small
 with the final dimension of 5.95 x 5.95 inches.
 Up to 15 successful trials were made on the 1 x 1 x 12 inch molds and the mold surface was generally
 in excellent condition. However, small air bubbles and defects in the cement surface progressively
 enlarged with each casting. For repeated use of one mold, an air setting cement mortar was used to fill
 the holes and defects in the molds, as described in the “Procedure” section. This patching technique
 increased the mold life and did not adversely effect the finish of the glass.
 No trials were made on articles having detailed surface features. However, on one of the 6 x 6 tiles the
 glass was fluid enough to flow into and fill a tiny pore less than one millimeter in diameter. Even under
 these flow conditions, the glass did not wet and stick to the smooth refractory surface, indicating that
 casts with fine detail can be produced.
 3.3 GLASS PARTICLE SIZE
 Ground glass was separated into two size fractions: large grains (6 mesh) and small grains (20 mesh and
 smaller). Sintered samples from the small grain material were milky-white in color and had a very
 smooth surface finish, whereas samples made from the large grain materials were semi-transparent glass
 with a rougher, granular looking surface finish. The large granules did not melt together as quickly or
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 smoothly because of the decreased surface area contact between the glass particles. It would be
 necessary to increase the peak temperature and dwell time at peak temperature for better flow of the
 large granules.
 3.4 THERMAL EXPANSION
 Figure 1 shows thermal expansion versus temperature curves for sintered glass and Lo Cast 50
 refractory mold material. The change of slope of the glass expansion at 550oC indicates the glass
 transition temperature for this container glass. This is the temperature at which the glass changes from a
 solid (low temperature) to a liquid-like material (high temperature). The turnover in the curve at 575o C,
 indicating shrinkage of the fine particle material, is typical for glass and is caused by deformation or flow
 under the small pressure exerted by the measuring instrument. The curve for the material made from
 coarse particles is unusual. The flattening of the curve at 575 o C indicates flow, but also indicates some
 resistance to shrinkage deformation persists up to 870oC.
 The thermal expansion of the refractory is less than that of the glass. This relationship may be
 interpreted as follows for the sintering process: At the maximum temperature for sintering, e.g. 870oC,
 the glass flows into the mold and the two are in contact and are the same size. On cooling, the glass can
 deform and accommodate temperature changes until the glass transition temperature in the range 570 to
 550oC. From this point down the glass behaves as a solid, and the thermal expansion curve, now
 considered in the contraction mode, tells us that the solid glass shrinks more than the refractory. If the
 glass does not stick to the refractory, it will pull away from the walls and release from the mold.
 However, if the glass sticks to the refractory, then its attempts to shrink away from the mold walls will
 cause cracking of the glass. Differential contraction during cooling must also be considered when
 patterns exist in the mold surface. Two points in the glass must not lock into the mold pattern and the
 glass must be free to contract if cracking is to be avoided. The differential contraction from 550oC to
 room temperature is 0.2% or 0.020 inches in a 10 inch span.
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 4.0 CONCLUSIONS
 1. Molds made from castable refractory cement can be used to sinter dense glass articles from
 powdered recovered container glass provided the mold surfaces are smooth and pore free, and the
 time temperature cycle is closely controlled.
 2. Industrial grade castable refractory with a fireclay or calcined kaolin aggregate is suitable for mold
 fabrication. High temperature refractories with high purity alumina aggregate or special low
 expansion refractories with fused silica aggregate are not required. However, it is essential that the
 castable refractory is able to produce a smooth, pore free surface against a model.
 3. The refractory molds can be used for repeated casts without wear or damage provided the mold
 surface is smooth and minor defects are repaired between runs.
 4. The glass charge becomes dense and pore free at 870 to 920oC (1598 oF to 1688oF). Finely
 ground clear container glass (20 mesh and finer) flows and sinters at 870oC into a dense, pore free,
 milky white material. Larger size glass particles ( 6 mesh) require approximately 920oC for sintering
 and produce a translucent material with a visible residual grain structure.
 5. The one-inch thick glass charges saw a reduction in thickness by a factor of about 0.6 and very little
 reduction in lateral dimensions. The difference in shrinkage between the glass and the refractory on
 cooling is approximately 0.2% with the glass shrinking more than the refractory. Differential
 contraction during cooling should be considered when patterns exist in the mold structure.
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APPENDIX A
 Manufacturer Literature for Refractory Castable
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North American Refractories Company
 LO-CAST 5O HS
 FEATURES
 High Hot Strength. Exceptional strength up to 20000F makes LO-CAST 50 HS resistant to abrasion, mechanical abuse and erosion by molten metals or hot gases.
 Low Hot Load Deformation, Longer service due to LO-CAST 50 HS's ability to retain its structural stability even when heavily loaded.
 Excellent Thermal Shock Resistance, Much ]ess susceptible to damage caused by thermal cycling.
 Low Porosity- High Density, Results in low permeability which stops penetration by liquid metals, sings and corrosive gases.
 High Strength. Excellent resistance to mechanical abuse and no loss in strength between 10000F and 20000F as seen with conventional castables.
 Volume Stable. Installed with less water than conventional castables so there is less chance of any shrinkage cracking in service or during (17-out.
 APPLICATIONS
 Minerals Processing, Feed ends, chain sections, cooler walls, cooler discharge slopes, multiple hearth roasters and tunnel kiln car tops.
 Ferrous Metals. Reheat furnace walls and roofs, bull ladles, heat treat furnace car tops and forge furnaces.
 Non-Ferrous Metals. Aluminum furnace sub-hearths, doors, jambs, lintels, sills, and roofs; flue caps and precast headwalls in carbon baking furnaces.
 Chemical Processing and Refining. Boiler ash hoppers; sections of coke calcining and alumina kilns; shop casting of FCCU cyclones and transfer lines,
 Steel Mills. Coke oven roofs, doors and standpipes; soaking pit walls; skid rail tiles; car tops in heat treat furnaces and tundish back-up linings.
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A-2
 North American Refractories Company Brand L0-CAST 5O HS Class Low-Moisture Castable Plant Curwensyilie, Pennsylvania
 Typical Test Data
 Maximum Recommended Temperature, 0F -0C 3000-1649 Pyrometric Cone Equivalent, cone 34 Material Required, lb/ft3 - kg/rn3 135 - 2160
 Water Required to Temper, % by Wt. 8.0 Abrasion Test, 1500 degrees F (8160C) - cm3 13
 Thermal Shock, % Strength Loss
 Fired @ 22000F (12040C) - Cycling 2200 degree F (12040C) 27 Fired ® 25000F (13710C) - Cycling 22000F (12040C) 30 Fired @ 2900 degree F (15930C) - Cycling 2200 degree F (12040C) 92 Test Total Modulus Cold Temp Bulk Linear of Hot MOR Crushing (degreeF) Density Change Rupture @ Temp Strength (1b/ft3) (%) (lb/in2) (lb/1n2) (Ib/in2) 230 138 -0.1 900 -- 4600 1000 136 -0.1 700 700 3200 1500 135 0.0 900 1700 4100 2000 135 -0.1 1100 1200 4800 2500 136 -0.3 1200 300 4500 2900 135 -0.1 2500 -- 8800 3000 141 -1.1 2100 - 13000
 (degree C) (kg/rn') (%) (MPa) (MPa) (NIPa) 110 2110 -0.1 6.2 -- 32 538 2380 -0.1 4.8 4.8 22 816 2160 0.0 6.2 12 28 1093 2160 -0.1 7.6 83 33 1371 2180 <}3 83 2.1 31 1593 2160 -0.1 17 -- 61 1649 2260 -1.1 15 -- 87
 Chemical Analysis, As Received, Wt., %) SiO2 47 CaO 2.1
 Al203 48 MgO 0.1
 Fe2O3 0.9 Na20.K20 0.4
 Ti02 1.5 L.O.I. 0.5 Material Safety Data Sheer available Upon Request.
 The data given above are based on averages of test results on. samples selected from routine plant production by standard A.S.T~M. tcst procedures where applicable. Variation from the above data may occur in individual tests. These results cannot be taken as minirna or maxima for specifiation purposes.
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Installation Procedures LO-CAST-Type Castables
 Job Site Conditions: Temperature: 60-800F of dry castable arid mixing water. Water Quality Clean potable water Mixing Equipment High-intensity Eirich-type or heavy-duty paddle mixer
 3-8 minutes dependent upon mixer intensity. Do not over or under mix.
 Vibration Equipment: High intensity pneumatic form vibrators or high intensity
 immersion vibrators
 Environment: Do not attempt to install frozen material. Also, installed material must be protected from freezing until dried out
 Installation: Temper castable starting with the minimum quantity of water
 recommended or required for placement with the vibration equipment available. Allow at least 4 to 5 minutes of mixing time before any additional water is added. Water can then be added in 0.1 to 0.2 percent increments to obtain the flow required for proper densifications. Mixing time for these water additions should be about two minutes. Flow can be checked by removing a small quanity of material from the mixer and placing it in contact with vibration. For materials containing steel fiber additions, the water requirements may increase by 0.3 to 0.5 percent. Adjust subsequent batches slightly wetter or drier dependent upon flow required during vibration placement.
 Densify castable installation with adequate vibration. Unless
 castable is tempered too wet, separation caused by excessive vibration is unlikely.
 Install castable NON-STOP until job is complete
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Curing: Curing should be at 70-900F for 18 to 24 hours.
 Moisture loss should be prevented by covering the cast material with an impervious. material.
 Dry Out: • Slow fire 500F per hour to 2500F
 Hold at 2500F for 1 hour per inch of thickness Raise 75~1OOoF per hour to 12000F Hold at 12000F for 1 hour per inch of thickness Raise at 1OO-1500F per hour to operating temperature
 If high pressure steam, massive quantities of steam, or material spalling.are observed at any time during heat-up, the temperature should be held or reduced until steaming stops. Then the schedule can be resumed.
 NARCO will provide alternate dry out schedules for specific applications upon request.
 Safe Heat-up Rate: After material has been properly dried and has been allowed to cool to ambient temperature, it can be reheated at a maximum rate of 3000F per hour to operating temperature.
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NATIONAL REFRACTORIES AND MINERALS
 IMPORTANT TIPS FOR USING EZ CAST PRODUCTS
 COLD WEATHER INSTALLATION EZ CAST mixes have set times of 8-10 hours when wet mixed between 60-1000F using freshly made material. Even after a dry storage time of six months, the mix should still set up overnight when used within this temperature range. With winter coming on. lower temperatures will further extend these working times. This temperature-related phenomenon also occurs with KRICON~ prod ucts, but it affects EZ CAST even more. This is because EZ CAST products are designed to have longer set times to facilitate the pumping and self-flow characteristics. Early form removal when using EZ CAST mixes can be dangerous! The result can be material flowing in all directions. To combat this problem, the following procedures should be used during cold weather conditions:
 1 - Ensure that the dry material is stored above 600F prior to use.
 2 - Use warm water to keep the wet mix temperatures above 600F.
 3 - Ensure that temperatures during the curing time remain well above freezing.
 4. - Preheat the mold area prior to installation of EZ CAST.
 It may not always be possible to meet all of the above requirements. Therefore, we have two EZ CAST formulations specifically for cold weather. These two will be the EZ CAST 2800-W and EZ CAST 3200-W. They must be ordered with the W designation to ensure that the proper formulation is shipped. At this time we believe there is need for only these two EZ CAST winter versions. Remember. Onlv order the sDecial mixes when cold weather conditions cannot be overcome. Recently produced EZ CAST winter versions may set in thirty minutes or less when used in a warm environment. FORM CONSTRUCTION When preparing to use EZ CAST mixes, ensure that the forms are of sturdy construction. This is required in order to withstand the high hydrostatic pressures created by the flow characteristics of these mixes. Some of the initial installations ~ aborted due to the use of flimsy forms. Internal forming should be properly secured to prevent the form from lifting or shifting during the casting of the fluid EZ CAST mixes.
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Free Flowing Castables
 A new line of self-leveling castables is now available from National Refractories for use in casting large or intricate refractory shapes, forms with extensive anchoring, and hard to reach service areas -- all without the need for vibration or other settling techniques. The new Ez CASTTM products have been designed specifically to provide refractory users and contractors with a series of clay/alumina castables that can simply be poured into place from the mixer or pumped/poured using regular concrete pumps. This ease of placement creates an extensive listing of applications, including rotary hearth furnaces1
 preformed shapes, furnace roofs, cyclones, ladles, tundishes, delta sections, cooler walls, etc. Eight mixes are currently being offered: Ez CAST 2800, Ez CAST 3000 or 3000-AL, Ez CAST 3200 or 3200-AL, Ez CAST 3490, and Ez CAST 2200-FS or 2200-FS AL. The product name corresponds to the product's recommended maximum service temperature, with the AL signifying a non-wetting version for aluminum contact and the FS identifying fused silica products. Unlike most other refractory castables that require heavy external vibration to assure a quality casting, this new line of mixes will flow effectively without vibration at a very low water content (below 6% in many cases). Further improvement in properties can be obtained using internal or external vibration in the 4-5% water range. The products require a minimum of five minutes mixing time using standard paddle or high-intensity mixers. Additional mixing can further increase fluidity. Placement can be achieved through ordinary swing-valve or ball valve concrete pumps using 2' or larger hose or pipe. Although the Ez CAST mixes appear very wet when properly mixed, they develop most of their strength overnight and forms can be stripped within 24 hours. They are designed to be installed at an ambient temperature between 600F and 1000F. For installation temperatures outside this range, consult a National Refractories representative.
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APPENDIX B
 Manufacturer Literature for Flexible Polyurethane Mold Material
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