2. Thermal properties:

A. Thermal Expansion
This is a measure of the refractory about its linear stability when it is exposed to different ranges of high temperatures and then cooled to room temperatures. It is defined as a permanent linear change (ASTM C-113) and is measured by the changes in the longest linear dimensions. Most refractory materials expand when heated. Hence, when refractories are installed at room temperatures, the whole structure tightens up when heated. But if the temperature reaches higher than the softening temperature of the bonding system, the structure may distort or collapse. Hence, refractory systems should always be designed in such a way that the maximum temperature attainable in the system is lower than the softening or melting temperature of the refractory ingredients (grains and bonding system). Often cracks are observed in monolithic refractory systems when cooled, but, in most cases, the apparent cracks visible on cooling close up after the system is heated up. 
B. Thermal Shock
This is measure of the refractory property when the refractory is exposed to alternate heating and cooling. It is an important property for a refractory material. Most high-temperature processes experience heating and cooling. Both refractory grains and the bonding system expand while being heated and contract during cooling. Having similar grains in the structure, the thermal shock resistance depends on the matrix bonding the grains. Thus, refractories having structures with built-in microcracks of defects show better thermal shock resistance than with rigid systems. In some refractories, the bonding system, by nature, possesses microstructural defects or cracks that provide better thermal shock resistance.

There are two standard methods for determining the thermal shock resistance of refractory materials. For brick shapes, thermal shock resistance is measured by “Ribbon Thermal Shock Testing” (ASTM C-1100), and for monolithic refractories the standard method is ASTM C-1171. These tests clearly differentiate among refractory materials about their resistance to thermal shocks.

A clear difference is exhibited in castables where the different bonding systems are a low-cement castable and sol-gel bonding with similar alumina contents as exhibited in Figure 1.
C. Thermal Conductivity
Thermal conductivity is a measure of the refractory regarding its ability to conduct heat from the hot to the cold face when it is exposed to high temperatures. There are three different methods of determining thermal conductivity of refractory materials. ASTM C-210 is the standard method for determining 

Figure 1 Retained strength of low-cement and gel-bond castables with similar alumina contents (grains) as per ASTM C-1171.

thermal conductivity of refractories; ASTM C-202 is the standard method for determining thermal conductivity of refractory brick; and ASTM C-1113 is the standard method for determining thermal conductivity of refractories by hot wire. The thermal conductivity tests are particularly important for insulating refractories where the thermal gradients from the hot face to the cold face dictate the use of a refractory material for the specific uses.

D. Thermal Diffusivity

The thermal diffusivity property is particularly useful for carbon-containing materials. ASTM C-714 is the standard method for determining thermal diffusivity of carbon and graphite by the thermal pulse method.
3. Chemical properties:

The chemical properties of a refractory are defined by the chemical analysis of the refractory grains, by the nature of the bonding, and also by the ability of the refractory to resist the action of liquids when exposed to high temperatures.

The chemical properties of a refractory material are primarily dictated by the chemical composition of the refractory. The bonding system of the refractory plays a vital role in dictating its properties. When refractories are exposed to corrosive liquids at high temperatures, the extent of corrosion/erosion depends on the refractory grains and the chemical bonding system of the refractory.

Refractory corrosion may be caused by mechanisms such as dissolution in contact with liquid, a vapor - liquid or solid-phase reactions. It may also occur due to penetration of the vapor or liquid in the pores, resulting in an alternate zone. In most cases, corrosion is the result of some combination of these factors. The nature and rate of dissolution of a refractory in a liquid can be calculated from a phase equilibrium diagram. A concentration gradient occurs in the refractory composition at the boundary region when the refractory comes in contact with the molten slag. The refractory components diffuse through the interfacial film and dissolve in the liquid. The interfacial film influences the rate of dissolution. The larger the concentration gradient, the faster the dissolution rate and thus the refractory dissolves more readily.

Corrosion/erosion resistance is one of the most important characteristics of refractories, which are exposed to molten metal and slag. Hence, the design of the tests closely simulating the conditions that the refractories experience during use is of great importance.

During the formulation of a refractory, close attention is given to a refractory composition in choosing the refractory grains and the bonding system. Thus, refractories used in an iron-making process will differ from that of a steel-making process since the nature of the metal and slag is different in these cases. In iron making, the metal and liquid slag is primarily neutral or slightly acidic in nature, whereas the slag is distinctively basic in the steel-making process. Refractories chosen for iron making are based on alumina and silica, whereas magnesia base refractories are the choice for steel making.

Since the exposure of refractories to molten metal/slag is a dynamic process, the tests simulating the conditions also need to be dynamic. For steel-making refractories, the rotary slag test (ASTM C874) provides close simulation of the conditions in steel-making refractories.

For iron-making refractories, primarily for blast furnace cast house applications, a dynamic slag test in an induction furnace has been designed that closely simulates the conditions in a blast furnace trough. The test method is designed to compare refractories with that of a standard whose corrosion/erosion characteristics are known. The test is done in an induction furnace, where a natural movement of the metal occurs in the furnace due to the inductive force in the furnace. Four specimen bars with dimensions of 205×38×38 mm are hung from a holding rod rotating at a speed of 8 to 10 revolutions per minute. After preheating above the molten slag/iron in the furnace, the specimens are dipped in the liquid slag and iron until sufficient corrosion/erosion is visible on the specimens. The specimens are then pulled out and cooled, the relative wears are visually compared, and then the areas around the maximum wear are measured. This gives the comparative corrosion/erosion behavior of the specimens tested. This test has been found to be the best simulative behavior of blast furnace cast house refractories.
4. Ceramic properties of a refractory material
Ceramic properties of a refractory material are defined by its nature or reaction when exposed to heat. Refractories behave differently when exposed to heat, depending on the type of the refractory and how it has been formed. For fired bricks, the ceramic reactions and bonds have already been instituted by high-temperature firing. Hence, when they are exposed to high temperature, they do not exhibit any further change. However, for unfired refractories, the formulations are designed so that the ceramic reactions are supposed to take place at those temperatures. Thus, for fired bricks like fireclay, high-alumina, magnesia-chrome-type bricks, which are already fired at high temperatures, do not exhibit any further ceramic reaction when exposed to high temperatures. But for unfired refractories, like magnesia-carbon bricks and alumina-carbon bricks, the formulations are designed so that the ceramic properties will be developed at use temperatures.

For monolithic refractories, the formulations are made so that the ceramic properties develop when they are exposed to high temperatures. Monolithic refractories, like plastics, ramming mixes, dry vibratables, mortars, and coatings, are already prepared and are to be applied as received. By contrast, castables and gunning mixes are supposed to be mixed with water or the liquid bond for application. Thus, for monolithic refractories, in particular, it is of interest to find the ceramic reactions that take place at or before service temperatures.

In phosphate-bonded plastics, the progressive reactions that take place while it is being heated are provided in detail. Depending on the bonding system, the ceramic reactions for gunning mixes take place at high temperatures for specific applications. Thus, the organic bonding in gunning mixes acts only to help in adherence of the material on the gunned surface. With heat the organic bonding will burn out, leaving the ceramic bonding to take over at higher temperatures. For castables and gunning mixes containing high-alumina hydraulic cements (calcium aluminates), the initial strength development occurs by the hydraulic process, while the ceramic bondings take place at higher temperatures.

Recent developments in low- and ultralow-cement castables/pumpables, the effects of the ultrafine particles are of great significance. The water requirements are low since the ultrafine silica fume particles (mostly used in these compositions) occupy part of the space of water. Although the silica fume helps in reducing water requirements in the castable, it affects high-temperature properties due to the formation of anorthite and gehlinite phases at temperatures around 1250°C–1400°C. The effects are somewhat minimized in ultralow cement castables due to the use of lesser quantity of calcium aluminate cement.

Due to the recent development of sol-gel bonded refractories, the high-temperature properties of castable/pumpable refractories have improved significantly since the high-temperature phases are no longer low-melting. It forms mullite only at higher temperatures (since there is no CaO or MgO) and thus provides better properties at elevated temperatures.

