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ABSTRACT 

Prehistoric and traditional ceramics contain a wide range of tempers (non-

plastic inclusions), including sand, sherd (grog), sponge spicules, phytoliths (siliceous 

bark ash), diatomite, organic fibers, shell, calcite, mica and asbestos. The use of 

these materials in traditional and archaeological ceramics and their association with 

cooking pottery and thermal shock resistance are examined. The thermal shock 

parameters that are relevant to low-fired ceramics are identified and tested. The 

primary factor in the thermal shock resistance is identified as fracture toughness. By 

increasing the amount and size range of temper additions, and by selecting tempers 

that are platy and fibrous, fracture toughness can be enhanced. Secondary factors 

include porosity, thermal expansion and relative strength. These parameters are 

tested employing fracture energy and thermal expansion measurements, and quench 

tests. 



9 

CHAPTER 1 

INTRODUCTION 

Prehistoric ceramics contain a wide range of tempers or non-plastics, including 

sand, sherd (grog), shell, mica, ground rock, asbestos and organic tempers such as 

grass and dung. These materials are added to clay to improve its working, drying, 

or fired properties. Any material that remains relatively nonplastic when added to 

clay can be used as temper. Many clays contain adequate amounts of nonplastic 

materials and the addition of temper is not necessary. In this paper the term 

"temper" also designates naturally occurring nonplastics, except where otherwise 

specified. 

Recently there has been interest in a number of the functional and technical 

aspects of tempers (Skibo et al. 1989; Bronitsky and Hammer 1986; Bronitsky 1982, 

1986a, 1986b, 1986c, n.d.; Braun 1982 and 1983; Wallace 1989; Wallace and Viana 

1983; Steponaitis 1983 and 1984; Rye 1976 and 1981; Stimmell and Stromberg 1986; 

Feathers and Scott 1989). One element of these studies has been the attempt to 

quantify, experimentally or theoretically, the thermal shock resistance of sand, shell, 

organic fiber and sherd temper. Many of the essential components of thermal shock 

resistance and temper choice have been identified in these works and have, in some 

cases, been tested. The identifications of parameters, however, have rarely been 

explicit and comprehensive, and the experimental results have generally been 
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ambiguous. 

In this paper a study of the relationship between thermal shock, temper and 

traditional pottery will be presented. The first section will identify the thermal shock 

parameters that are relevant to low fired tempered ceramics; the second section will 

examine specific tempering materials, their ethnographic and archaeological 

occurrence and their relationship to thermal shock behavior; the third section will 

experimentally illustrate the parameters that affect thermal shock for a range of 

tempering materials. 
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CHAPTER 2 

THERMAL SHOCK BEHAVIOR 

Cooking pots are subjected to rapid changes in temperature throughout daily 

use. An extreme example would be the pouring of room temperature liquid into a 

red-hot pot, which has been documented among the. Papago of southwest Arizona 

(Fontana et al. 1962, 80). This implies a change in temperature (AT) of 500-600 °C. 

During these rapid changes in temperature, stresses develop from the thermal 

expansion or contraction of material while being checked by a restraining force. The 

cooking procedure described above results in a contraction of the interior surface 

which is checked by the outer surface of the pot. The stresses that develop are 

proportional to the product of the thermal expansion and the temperature change 

(Kingery et al. 1976, 816-17). The resistance to weakening or fracture produced by 

rapid temperature change, typically under cooling conditions, is referred to as 

thermal shock resistance (Evans 1975). In addition to the expansion coefficient and 

change in temperature, thermal stresses are affected by factors such as thermal 

conductivity, shape and surface heat transfer. The effect of these thermal stresses 

on different materials not only depends on the stresses involved but also on the 

physical characteristic of the material such as ductility, homogeneity, porosity and 

pre-existing flaws. This combination of determinants negates establishing a single 

"thermal-stress-resistance factor" (Kingery et al. 1976, 822). 
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There are two basic approaches to increasing thermal shock resistance: 

treating the problem of crack nucleation or treating the problem of crack 

propagation. These two approaches will be addressed in the following sections. 

THERMAL SHOCK AND CRACK NUCLEATION 

The temperature difference that a piece can withstand without the onset of 

crack nucleation is dependent on several physical properties and can be expressed 

as: 

AT = R' =Ka,0^} 
aE 

where: AT = temperature difference causing failure 
K = thermal conductivity 
af = tensile strength of the material 
a = thermal expansion 
H = Poisson's ratio 
E = modulus of elasticity 

(Kingery et al. 1976, 823; Kingery 1955) 

Steponaitis (1984) measured some of these physical properties for traditional 

pottery to predict the thermal shock resistance of coarse and fine wares. Because 

many of the above properties are relatively constant for the materials used in 

traditional pottery, his results were not conclusive (Lawrence 1972,174-83). Strength 

can be increased by using higher firing temperatures and reducing porosity. Thermal 

conductivity can be increased by reducing porosity alone. However, the degree that 

these parameters reduce crack nucleation is small when compared with their effects 

on increasing crack propagation. Furthermore, an increase in strength is usually 

accompanied by an increase in modulus of elasticity, which lowers the temperature 
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difference needed for failure, resulting in a irregular change in thermal stress 

resistance (Kingery 1955). 

Industrial and studio art ceramics are commonly made thermal shock 

resistant by adjusting the clay body (paste) so that its coefficient of thermal expansion 

is reduced. This usually necessitates the use of high temperatures to form low 

thermal expansion phases such as silica rich glasses and cordierite. This approach 

would not be possible in the 500-900"C firing range used by traditional potters. 

Unvitrified ceramics have a higher coefficient of thermal expansion than vitrified 

ceramics. However, porosity allows for the expansion of material into pore spaces, 

reducing the coefficient of thermal expansion to some extent (Grimshaw 1971, 713-

23). In general, composite materials have coefficients of thermal expansion that are 

intermediate between the components (Kingery et al. 1976, 603). While different 

clays have only slight differences in their coefficients of thermal expansion 

(Grimshaw 1971, 717), there are some materials that could be added as filler or 

temper that have lower coefficients of thermal expansion. These additions might 

result in a reduction of the total or composite coefficient of thermal expansion. 

These include silica glasses, cordierite, mullite, talc, /3-spodumene, petalite and other 

minerals containing magnesium and lithium oxides (Grimshaw 1971,718-22; Skinner 

1966). 

The reduction of the coefficient of thermal expansion increases thermal shock 

resistance in two ways: first, it increases thermal shock resistance related to crack 

initiation, and second, it reduces the energy available for crack propagation. 
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However, the coefficient of thermal expansion is only one factor in the total thermal 

shock resistance of a material, and its effect on the thermal shock resistance of 

traditional pottery is anticipated to be negligible for most tempering materials. 

The materials and firing temperatures used in traditional pottery manufacture 

do not permit significant increases in the thermal shock resistance related to crack 

initiation. While there are some advantages in using fillers and tempers with low 

coefficients of thermal expansion, these additions do not prevent the inevitable onset 

of fracture initiation. Increasing thermal shock resistance by avoiding fracture 

initiation is not appropriate for ceramics such as cooking pots which act similar to 

refractories. This is because the thermal shock resistance of these materials is not 

governed by crack initiation, but by crack propagation (Kingery et al. 1976, 828; 

Hasselman 1963, 536; Hasselman 1969). 

THERMAL SHOCK AND CRACK PROPAGATION 

Once a fracture is initiated, the driving force for crack propagation is the 

elastic energy stored at the fracture tip. The concentration of stress at the fracture 

tip can be dissipated by porosity, which is a component of all unvitrified traditional 

ceramics and can be increased with additions of organic temper. The maximum 

stress (am) available at the crack tip can be expressed as: 

a m = 2a(c/p)1/2 

where: af = tensile strength of the material 
c = V2 width of major axis 
p = radius of crack tip 

(Kingery et al. 1976, 785) 
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When a propagating crack reaches a pore space, the radius of the crack tip increases 

dramatically, reducing the maximum stress available at the crack tip and thus 

preventing crack propagation (Kingery et al. 1976, 785). Porosity of 10%-20% is 

often optimum for reducing thermal spalling of refectories (pieces of brick breaking 

off from a kiln wall) due to crack propagation (Kingery et al. 1976, 825). The 

importance of porosity in thermal shock resistant pottery has been cited in the 

archaeological literature (Rye 1976, Rice 1987, 230, 251). 

Flaws, such as those that develop at the interface between temper and matrix 

may act to inhibit failure due to thermal shock. Microstructural heterogeneities serve 

to concentrate stresses causing local fracture, but avoiding catastrophic fracture. 

Cracks ranging in size 0.5 to 5.0 mm improve a ceramic materials resistance to 

catastrophic crack propagation by encouraging quasi-static crack growth (Hasselman 

1969; Kingery et al. 1976, 830). Sharp cracks would also be blunted by shrinkage 

voids caused by flaws originating from differing coefficients of thermal expansion in 

the temper and matrix (Kingery et al. 1976, 830; Hasselman 1969). Both of these 

types of flaws caused by heterogeneities (such as temper) enhance a ceramic 

material's thermal shock resistance rather than diminishing it as has been suggested 

in the archaeological literature (Rye 1976). 

Low values of strength, af, act to reduce the elastic energy available for crack 

propagation and the distance of crack propagation, which increases the thermal shock 

resistance parameters R'" and R'"\ respectively. These parameters can be expressed 

as: 
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R'" =_E 
af

2(l-M) 

R"" =_E^ff 

af
2( 1-M) 

where: af = tensile strength of the material 
/x = Poisson's ratio 
E = modulus of elasticity 

Yeff = fracture surface energy 

(Hasselman 1963; Kingery et al. 1976, 828) 

An increase in pottery strength has less influence on the avoidance of fracture 

initiation than in increasing crack propagation. Since the thermal shock parameter 

R' is proportional to strength, and the thermal shock parameters R'" and R"" are 

inversely proportional to the square of strength, weak ceramics are more resistant to 

crack propagation than strong ceramics. This results in low strength ceramics losing 

only a small amount of their original strength when subjected to thermal shock, while 

high strength ceramics loose significant amounts of strength. Therefore, there is an 

optimum range of fired strength between the extremes of high and low fired pottery 

that results in the highest strength after being subjected to thermal shock. Since 

cooking pottery is subjected to impact forces in addition to thermal stresses the 

residual strength is important. It is expected that the optimum pottery strength 

would be broad-ranged and be of the order typically found for open fired ceramics. 

The largest and most obvious approach to maximizing thermal shock 

resistance is to increase the effective fracture surface energy (yeff). Temper 
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additions increase the effective surface energy through crack deflections, secondary 

crack nucleation, crack blunting, crack bridging and friction due to temper pull out. 

The driving force of crack propagation is the elastic energy stored at the time 

of fracture. A crack will continue to propagate as long as there is sufficient elastic 

energy released to overcome the effective surface energy (Griffith 1920; Hasselman 

1963). Since tempers are usually stronger than the clay matrix, the fracture must 

propagate around the inclusion. The distance that a crack propagates is directly 

proportional to the amount of elastic energy stored at the time of nucleation, which 

is effectively dissipated in the process of crack propagation (Hasselman 1963; Kingery 

1955). When the amount of temper in a clay body is increased, the length that a 

crack must propagate in order to cause failure increases, resulting in a greater 

amount of fracture energy that is absorbed. This results in an increase in the thermal 

shock resistance of the material. Platy materials, such as mica and shell, and fibrous 

materials, such as asbestos, act to increase thermal shock resistance even more as 

these materials enhance crack deflection, which results in increased fracture energy 

(Wiederhorn 1984, 390). 

Crack blunting is the formation of'T' shaped junctions when a primary crack 

merges with a secondary crack. Crack branching is the formation of secondary 

cracks. Both of these energy absorbing behaviors are encouraged by the presence 

of flaws and inclusions (Chyung 1973; Chyung et al. 1972) 

Platy materials are effective in deflecting cracks as they propagate through the 

thickness of the material, elongating the path of the propagating crack and the energy 
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dissipated (Figure 1). Larger temper size should also result in an elongation of the 

crack path. This is beneficial to a certain extent, but in the extreme case, the length 

of plates might approach the thickness of the vessel wall and reduce the fracture 

length needed for failure (assuming that all particles are not perfectly parallel to the 

surface). 

• • 1 I ' 1 ''l 11 
^ \ i 

;> \ 
r i \ 

1 i 
I I 

^ \ i 
;> \ 
r i \ 

* m + 
• 1 1 
i n . 11 / / 
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Figure 1 The effect of temper morphology and orientation on crack deflection. 
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Fibrous materials act to enlarge the effective surface energy due to the 

frictional force required to pull the fibers from the ceramic matrix (Hasselman 1963; 

Davidge 1979,116-17). Similarly, for mica and shell tempered ceramics this pull-out 

of plates should absorb large amounts of energy, although less than fibers due to 

plates having less surface area than fibers. Non-platy material such as grog (sherd 

temper) and sand, would also absorb energy during pull-out, but this should be less 

than that found for mica or shell because there is a further reduction in surface area. 

Fibrous, platy and large grain materials would increase fracture energy 

through crack bridging. Crack bridging occurs when inclusions link the crack surfaces 

behind the crack tip and constrains the opening and propagation of cracks (Becher 

1991) (Figure 2). This effect is strongly dependent on grain size, increasing with 

increasing size, and the presence of weak bonds between matrix and inclusions that 

ensure pull-out rather than fracture of inclusions (Becher 1991). 

Figure 2 Crack bridging by tempers behind the crack tip constrain crack propagation 
and enhance fracture toughness (after Becher 1991). 



Platy and fibrous additions would also act to stiffen and strengthen the 
•* 

ceramic if the materials added were stiffer and stronger than the ceramic matrix. 

Carbon-fiber-reinforced glasses (40% by volume) are three times stiffer and seven 

times stronger than the glass material alone. Increase in strength and stiffness is 

minor compared to fracture energy which is 1000 times greater for the composite 

material than the glass alone (Davidge 1979, 111). Similarly, we might expect pots 

tempered with platy and fibrous materials to be slightly stronger and stiffer than 

those without. These properties, however, would not significantly alter the thermal 

shock resistance of these materials. 

The importance of particle orientation for platy and fibrous tempers should 

not be underestimated. Composite materials which have orientated fibers are usually 

strong in one direction and weak in others. To optimize the thermal shock resistance 

and toughness, plates and fibers should be orientated parallel to the surface or 

perpendicular to the propagating crack. Forming techniques used by traditional 

ceramicists, such as the hammer and anvil technique would, align platy and fibrous 

tempers perpendicular to the surface (Wallace and Viana 1983; Warren 1981). 

Pottery made with coils would be expected to have tempers that were perpendicular 

to cracks propagating from the base (Shepard 1985, 183-84). 

TOUGH CERAMICS 

Glasses and most ceramics, being brittle materials, are not tough because little 

energy is absorbed in the process of fracture. Tough materials, such as copper and 
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rubber, absorb substantial amounts of energy. The service limit of many products is 

not ultimate strength, but the energy associated with fracture propagation (Van Vlack 

1985, 512). Similarly, a ceramic pot does not fail when its maximum strength is 

exceeded (crack initiation), but rather when the energy of fracture propagation 

resulting in catastrophic failure has been exceeded. In general, thermal shock 

resistance associated with crack propagation is directly proportional to toughness. 

One measure of toughness is the area under the stress-strain or load-

displacement curve (Figure 3). The load-displacement curve depicts the 

displacement (deformation) that results from an applied load. Tough ceramics that 

absorb fracture energy through crack deflection, branching and blunting, fracture in 

a stable manner and exhibit load-displacement curves such as Figure 3c. Tough 

ceramics fracture stably and contain a larger area under the load-displacement curve 

than brittle ceramics that fracture catastrophically and exhibit curves such as Figure 

3a. 

Catastrophic Semi-stable Stable 

•o 
n o 
_i 

Displacement 

Figure 3 Load-displacement curves depicted for catastrophic (a), semi-stable (b) and 
stable (c) fracture. 
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Cooking pots may be the first ceramics designed for their toughness (plasters 

and adobe brick reinforced with hair and straw would also be considered tough 

ceramics). Tough ceramics are presently of particular interest to the materials 

scientist and a discussion of these materials will illustrate some of the options open 

to the traditional ceramicist. 

Glass-ceramics are a group of new materials developed by Corning wherein 

glasses properly heat-treated undergo crystallization, forming multi-phase ceramics. 

One of these glass-ceramics is based on mica as the crystalline phase and is 

manufactured and sold as a machinable glass-ceramic. This ceramic material is 

unique because it can be machined to precision tolerances using conventional tools. 

Mica flakes are characterized by an easily cleavable basil plane. However, 

fracture across the basal plane is unlikely with a strength in the range of 400,000 psi 

(Grossman 1972). The machinability of mica-based glass-ceramics results from 

fracture paths following either the mica cleavage planes or the mica-glass interfaces 

(Grossman 1972) undergoing a series of crack deflections, crack branchings and crack 

bluntings (Chyung 1973; Chyung et al. 1972). The cumulative effect of fracture 

deflection, formation of secondary cracks (branching) and fracture blunting, serves 

to absorb the energy released during crack propagation, thereby increasing the 

fracture surface energy. Fracture surface energy (Yeff) is an important factor in 

thermal-shock-resistance parameter relating to crack propagation (R"") as was 

discussed previously. 

In addition Chyung found that as the size of the mica flake increases, both the 



fracture surface energy and thermal shock resistance increase, while the strength 

decreases. The high thermal shock resistance of the machinable glass-ceramics was 

phenomenal considering their high coefficient of thermal expansion (71 x 10 "7/°C) 

(1973). Additionally there was a large mismatch in the thermal expansion of the 

glassy phase and the mica. This mismatch formed micro-cracks at the mica-glass 

interface, which reduce the strength of the glass-ceramic, but aided in its thermal 

shock resistance (Chyung et al. 1972). By increasing grain size or deliberately 

introducing cracks large and dense enough, the crack propagation continues in a 

quasi-static manner only (Hasselman 1969). Mica flakes are effective in setting the 

critical flaw size that determines quasi-static crack propagation behavior, thus it is 

not surprising that strength and thermal shock resistance is highly dependent on size 

of the mica flakes (Chyung et al. 1972). 

In addition to mica-glass-ceramics there are a number of other glass-ceramics 

that are presently being developed. All of these materials are tough as a result of 

crack deflections and interlocking crystals in the shape of plates, rods and blades 

(Beall 1987). 

Brittle materials such as ceramics and cements are weak in tension. Cement 

reinforced with iron bar enables cement to carry tension. Alumina composites 

reinforced with 20 volume percent SiC whiskers are substantially tougher and more 

thermal shock resistant, without loss of strength, than non-reinforced alumina 

(Becher 1991). The substantial toughening of this materials results from crack 

bridging and pull-out of fibers (Figure 2), and minor toughening results from crack 
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deflection (Becher 1991). Increases in fiber volume percent, length and diameter all 

result in an increase in toughness (Kelly 1975; Becher 1991). Asbestos was (and is 

today to a lesser extent) a commonly used material in reinforcing cements for pipes, 

boards and other complex forms which can be cut with little risk of cracking (Pye 

1989, 72-73). 

Currently, much of the effort in designing mechanically reliable ceramics is 

directed towards overcoming the low fracture toughness, rather than improving 

fracture strength (Becher 1991). The tough glass-ceramics and fiber reinforced 

ceramics exemplify these pursuits. These materials may not be so different from 

traditional ceramics because both can and have been toughened with materials in the 

form of plates, blades, rods and fibers. 

SUMMARY OF THERMAL SHOCK AND TEMPER 

During use, cooking pots are subjected to large thermal stresses. The nature 

of these ceramic materials results in the inevitable initiation of fractures. The 

durability of cooking pots is a result of their resistance to crack propagation. 

Temper additions are the primary factor in the resistance to crack propagation 

as a result of the large effective fracture surface-energy. This energy is a 

consequence of the torturous path a crack must take, the friction of pull-out and 

crack bridging. As the quantity of temper increases thermal shock resistance 

increases. The quantity of temper is expected to be the most significant variable to 

traditional ceramicists who wish to optimize the thermal shock resistance of cooking 
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vessels. The morphology of the temper is also important, as platy, blade-like, rod

like and fibrous tempers should act to increase thermal shock more than spherical 

shapes due to the increase in fracture energy. Archaeologists have frequently 

proposed that platy materials may help deflect cracks (Shepard 1965,27; Wallace and 

Viana 1981; Bronitsky n.d.; Braun 1982; Steponaitis 1984), but, the influence of platy 

materials in increasing the fracture energy has been ignored or underestimated with 

the exception of Feathers and Scott (1989). Also, fracture length and friction of pull-

out would increase with size of inclusion, especially for platy and fibrous materials. 

Temper size would also effectively determine the flaw that affects quasi-static crack 

growth. In practice, however, the increase in fracture energy with temper size would 

be limited as its dimensions approached the thickness of the vessel. As has been 

demonstrated by modern glass-ceramics, fiber-reinforced ceramics and asbestos 

cements, increasing the effective fracture energy is a practical approach to making 

tough and thermal shock resistant ceramics. The amount, morphology and size of 

reinforcing materials are the predominate factors controlling the toughness of new 

ceramics, and are expected to be controlling factors in predicting thermal shock 

resistance in traditional ceramics. 

Secondary factors include porosity which acts to dissipate stress, flaws that 

encourage quasi-static crack growth and low strength values which reduce the energy 

available for crack propagation. Porosity may increase with size and amount of 

temper. Organic tempers would greatly increase porosity due to burn out in firing 

but would have little advantage in crack deflection. 
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A minor factor contributing to the thermal shock resistance of these ceramic 

materials is the use of tempers that reduce the composite coefficient of thermal 

expansion. 
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CHAPTER 3 

TEMPERS AND COOKING POTS 

The use of different clay sources and tempers is often associated with cooking 

pots (Nicklin 1979, 1981; Warren 1981; Arnold 1971; Shepard 1936; Wallace and 

Viana 1983; Trimble 1987). Often, great effort is required to procure materials 

which are components of a ware that is known for its strength, durability and 

"fireproof1 qualities (Nicklin 1979,1981; Warren 1981). These wares are often used 

for trade, sometimes over great distances (Nicklin 1981; Warren 1981; Gunnerson 

1974). 

Thermal shock resistance is a quality that influences the selection of material 

and the use, trade and value of ceramic vessels. Adding large amounts of temper 

may be a common means of producing tough and thermal shock resistant utilitarian 

wares. However, the amount of temper that can be added is limited by workability. 

If thermal shock resistance is to be improved, tempers need to be selected that result 

in large values of effective fracture surface energy which improves resistance to crack 

propagation. Selecting tempers that have a platy, blade-like, rod-like or fibrous 

morphology increases the effective fracture surface energy more than spherical 

shapes. This may explain the preferential use of tempers such as shell, mica, sponge 

spicules, bark ash, asbestos and volcanic rocks, when other materials, such as sand 

or crushed rock, are more accessible. Other factors, such as the temper's coefficient 
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of thermal expansion, may play minor roles in the thermal shock resistance of 

pottery. 

In this section the ethnographic and archaeological occurrences of different 

tempering materials are discussed and their relevant physical properties are 

summarized. Mica and asbestos are emphasized. Other materials discussed include 

other platy and fibrous minerals, materials of organic origin and volcanic materials. 

From these discussions, conclusions will be made on the degree that temper and its 

effect on thermal shock are reflected in the choice of tempers. 

MICA 

Mica is one of the most common minerals, being a constituent of many types 

of rocks such as granite, gneiss and schist, and some shales, soils, recent sediments 

and clays. Two general types of mica are the "true" micas of primary formations 

(igneous and metamorphic rock) and hydrous mica of secondary origin (found in 

sedimentary clays) (Grimshaw 1971, 153). 

Chemically, "true" micas are silicates of alumina and bases of potash, soda, 

magnesia, iron, and lithia (Grimshaw 1971, 151-7) The mica group includes 

muscovite {KAl2(AlSi3)(OH)2}, which is the most common type, phlogopite 

{ KMg3( AlSi3Oio) (OH)2}, biotite {K(Mg,Fe)3(AlSi3O10)(OH)2}, lepedoite {K(Li,Al)2.3 

(AlSi3O10)(O,OH,F)2} and margarite {CaAl2(Al2Si2O10)(OH)2} (Hurlbut and Klein 

1977, 404-05). Micas are characterized by a perfect basal cleavage and a non-

expandable layered silicate structure (Moore and Reynolds 1989, 128). 
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The hydrous mica (or sericite) grains range in size from readily visible 

crystallites to particles of the same dimensions as clay minerals (~4mm - 0.005mm). 

The larger-grained samples are most likely a product of the breakdown of the 

primary mica, while the smaller-grained crystallites may be formed within the 

sediment (Grimshaw 1971, 154). Hydrous mica is characterized by a larger water 

content and smaller amount of alkali than true micas (Grimshaw 1971, 154). These 

differences might be useful in determining whether mica contained in pottery results 

from mica temper or the use of micaceous clay (a problem alluded to by Shepard 

1985, 162). 

The effect of heat on mica minerals is divided in to three temperature ranges. 

In the range from 50-250 °C there is a loss of hygroscopic moisture. In the range 

from 250-700 ° C the main dehydroxylation reaction occurs. At 700 ° C the breakdown 

of the anhydrous structure begins and is usually complete at about 850-900 °C 

(Taboadela and Ferrandis 1957,176-7). The presence of KzO suggests that mica may 

have some fluxing properties, but this was found to be true only when the mica 

approaches the particle size of clays (Arayaphong et al. 1984). 

MICA TEMPERED CERAMICS 

Considering that mica is such a common and relatively inert mineral, it is not 

surprising that it is a common component of pottery. Shepard (1985) warned against 

the use of the term "mica-tempered", as being misleading. Mica may be a natural 

component of a residual clay or the paste may be tempered with rock containing 
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mica, such as gneiss and schist (Shepard 1985, 162). Shepard also suggested that 

platy temper like mica may "have a reinforcing effect against cross fracture" (1985, 

27). The use of mica, a platy mineral, may increase the toughness and thermal shock 

resistance of pottery if present in significant amounts, regardless of whether mica is 

added as a temper or occurs as a natural component of the clay. 

There are numerous references to mica temper and micaceous clays in the 

archaeological and ethnographic literature where there is no apparent association 

between mica use and pottery function: Period III Common ware and Period II 

Coarse ware from the Godin Tepe (Young 1969); Micaceous buff wares of Iron Age 

Iran (Levine 1987); Micaceous ceramics (including painted, burnished and plain 

wares) from Ayia Irini, Keos (Davis and Williams 1981); Micaceous-paste ceramics 

(undecorated and decorated) of the Weeden Island culture, Southeastern United 

States (Rice and Cordell 1986). This lack of a relationship for these ceramics 

between mica temper and use may be due more to the limits of the available 

information on these ceramics than an actual lack of a relationship. 

There are other references to micaceous ceramics that are more detailed in 

terms of the manufacture and use and are more illustrative of the variability in the 

occurrence of mica in pottery. In the following sections, archaeological and 

ethnographic occurrences of mica in a number of these pottery traditions are 

considered. 
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Studio Potters and Mica 

It is well known among studio potters specializing in raku and primitive firing 

techniques that mica somehow benefits thermal shock resistance. Michael Cardew, 

a studio potter who worked in Nigeria during the 1940's-60's, wrote that mica temper 

in traditional flame-ware is "a particularly valuable ingredienthelping the thermal-

shock resistance, the fired strength and the surface polish" (1968, 78). Riegger 

(1972), a potter writing about open firing techniques, suggested that-mica tempers 

and micaceous clays "are best, because their chemical composition resists heat shock." 

Riegger and other potters are familiar with the archeological literature, and it may 

be this familiarity rather than their personal experience that advances this conclusion. 

Soldner, a potter well known for his raku pottery who typically uses mica in his clay 

body, when asked why he thought that mica improved thermal shock resistance, 

answered to the effect of, "that's what the archaeologists think!" 

Rio Grande Micaceous Pottery 

Warren (1981, 149-65) concluded that mica pottery of the Rio Grand region 

was an "intentional ceramic tradition and not merely a geographic expedience." His 

conclusion is based on the evidence of imported mica schist, trade of mica wares and 

the pottery's reputation as being excellent cooking ware due to its refractory qualities. 

For centuries, the Taos and Picuris Pueblos have made micaceous cooking 

pottery that is well known, but has never been documented in depth. A typical 

example of the type of information available is found in a simplistic 1950's guide 



book of the region, "People and Places in Santa Fe and Taos," which describes the 

pottery of the San Lorenzo [Picuris] and Taos pueblos as an "undecorated cooking 

ware [with] a golden slip" which can be bought at local trading posts (C.R. Ferguson 

Publications 1951). 

During the late 1800's pottery making in Picuris was documented as being a 

"micaceous culinary" ware and was identified as the primary item of trade with 

Spanish-American neighbors and other pueblos (Brown 1973,122; Bloom 1936,278). 

The clay was obtained in the spring time from the Picuris Mountains and was 

described by the potters as "strong" making pots which did not crack easily (Parsons 

1936, 23-24). Underhill (1944) presented a similar description of the Taos and 

Picuris cooking pottery. She added that "the clay is filled with tiny particles of mica 

which substitute for temper so that temper is not used" (1944, 103). 

These pots are still made in Taos and Picuris. Trimble (1987,31-35) describes 

the micaceous pots made by Virginia Duran of Picuris and Virginia Romero of Taos. 

Both Romero and Duran uses a local micaceous clay to form their pottery. Duran, 

in addition, rubs on a slip of mica before firing. These pots are still made for 

cooking and are acclaimed for their ability to be placed directly on the burner. 

Furthermore, the pots are renowned for their beauty, the taste they lend to beans 

and their waterproof nature. The Jicarilla and Tewa potters also make micaceous 

pots; however, these are described as "just for pretty" by Virginia Duran, as they are 

made using only a micaceous slip. Duran explained that this is a recent 

development. "A long time ago they made good pottery, but not now," she said, 
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implying that their pottery was once made to be functional cooking pots, but 

presently are made only for decoration (Trimble 1987, 33; Frank and Harlow 1974). 

Historically, the Jicarilla potters were known to have made micaceous cooking 

pottery. Numerous writers suggest a connection between their pottery and that of 

Taos and Picuris (Underhill 1944; Frank and Harlow 1974; Trimble 1987; Batkin 

1987). Both types are taller than those made at other pueblos and are decorated in 

a similar manner with knobs, ribbons and punching (Underhill 1944, 103; Goddard 

1931,159; Frank and Harlow 1974,27; Trimble 1987,33). The Jicarilla potters were 

known to have used a sealer: "as the pots cool they are coated with pinon gum which 

is said to prevent their breaking" (Goddard 1931, 159). A date of 1550 from a test 

pit with micaceous pottery near the Taos Pueblo suggest that the Jicarilla began to 

make micaceous pottery later than the Taos and Picuris did (Ellis and Brody 1964, 

323). Others researchers suggest that these micaceous pottery traditions may have 

been introduced by Mexican Indians who came north with the Spanish colonists 

(Hurt and Dick 1946; Warren 1981). 

While the origins of micaceous pottery in the Rio Grande region are disputed, 

it is clear that by the 18th century the Jicarilla were a making a micaceous culinary 

ware that was used for trade. "The paste [had] a flaky, laminated appearance with 

layers parallel to the surface [consisting] of pieces of mica and angular quartz ... [the 

surface was] usually covered in a fine textured clay slip... [that was occasionally] rich 

in sericite or very finely divided mica" (Gunnerson 1969,33) Bent, governor of what 

was then the Territory of New Mexico and Superintendent of Indian Affairs, 
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submitted a report to the Commissioner of Indian Affairs at Washington which 

included observations of the Jicarilla Apaches, stating: 

"Their only attempt at manufacture is a species of potter ware, capable 
of tolerable resistance to fire, and much used by them and the 
Mexicans for culinary purposes. This, they barter with the Mexicans 
for the necessaries of life, but in such small quantities as scarcely to 
deserve the name of traffic" (Abel 1915, 6). 

The observation that this traffic was "small" in quantity may underrate the actual 

importance of this pottery trade as there are numerous references to the Jicarilla 

micaceous culinary ware (Goddard 1931; Domenech 1860; John Greiner 1852, 

Levi Keithly 1863, Father Martinex 1865 and Bancroft 1889 in Gunnerson 1974, 

156), Domenech (1860 in Gunnerson 1974, 156) mentioned that the Jicarilla 

Apaches made "a sort of pottery which resists the action of fire." These pots were 

still made for household use when Goddard (1931, 159) wrote that "the Jicarilla 

in former days were rather noted for the excellent cooking pots which they made." 

There are a number of other mica wares of the Rio Grande region (Warren 

1981). The first significant mica pottery, Cordova Micaceous and the Cundiyo 

Micaceous, appear about A.D. 1300, and continue to the present as previously 

discussed. While there are utilitarian ceramics that contain mica temper or 

micaceous clay (Cundiyo Micaceous, Cordova Micaceous, Micaceous, Aapawe 

Micaceous Washboard, Rio Grande Micaceous, Faint Striated Utility, Perdido 

Plain, Ocate Micaceous, Taos Micaceous, Penasco Micaceous, Manzano 

Micaceous, Petaca Micaceous and Navajo Micaceous), there are also a number 

of utilitarian ceramics that contain tempers of sand or crushed rock, most of which 



are of volcanic origin, that have a micaceous slip (Potsui'i Micaceous Incised, 

Potsui'i Gray, Blind Indented/Plain Micaceous, Vadito Micaceous and El Rito 

Micaceous). While the lack of a convenient mica source may be a component of 

these differences in some cases, it is notable that the Vadito Micaceous 

(micaceous slip) and Penasco Micaceous (micaceous clay) were both made at the 

Picuris Pueblo from the 1600's to the present (Warren 1981). 

The micaceous pottery of the Rio Grande has nearly a 700-year tradition. 

Historically and presently the micaceous pottery have been and are known as 

superior cooking ware and were often traded and are presently sold based on this 

reputation. These micaceous wares are tough and thermal shock resistant. 

However, there is indication of other influences related to the prominence of 

these wares, such as their visual impact. Often these wares are mica slipped, 

whether they contain or lack micaceous clay. Contemporary pueblo potters 

believe that when clay lacking mica is used the ware is nonfunctional, only to be 

used for decoration. This tradition was present at the Picuris Pueblo during the 

1600's and may have had a similar nonfunctional purpose. 

South-Central Arizona Micaceous Potteiy 

The Hohokam ceramics exhibit extensive variability in temper types even 

within a particular type (Hargrave 1974, 90; Masse 1982, 82). There are heavily 

micaceous plain-wares, such as the Gila Plain and Wingfield Plain (Weaver 1974) 

and others such as Vahki Plain and the Colonial Period wares, which are heavily 
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micaceous and thin (Kelly 1978, 73). However, mica temper is not reserved for 

the plain wares and is commonly found in the decorated wares (Weaver 1974; 

Kelly 1978). Observations of whole and partial pots stored at the Arizona State 

Museum revealed a high percentage of micaceous decorated wares. One sample 

appeared to have a micaceous/hematite slip. Evidence of cooking, such as sooted 

bottoms and erosion of the inside surface, was present on vessels tempered both 

with sand and mica. From these observations no differences in temper types of 

decorated wares and utilitarian wares could be determined. Rafferty (1982, 335-

56) makes a similar observation, noting a consistent use of micaceous schist in the 

red-on-buff varieties and a variation in the tempers used in plain-wares. 

There appears to be no evidence which supports the use of mica preferably 

for culinary wares; there may, in fact, be evidence to the contrary. There is 

evidence of specialized production of ceramics incorporating micaceous schist at 

the Gila Butte Site (Rafferty 1982). The majority (59%-81%) of the sherds at the 

Gila Butte site were of the decora ted/buff-ware variety (schist tempered) 

suggesting the presence of a sizeable manufacturing industry (Rafferty 1982, 337-

43). Remains of cremation pits at the Gila Butte Site include pottery-making 

tools and fragments of micaceous schist, indicating that they may be those of 

ceramic specialists (Rafferty 1982, 159). Charcoal is associated with mica schist 

piles indicating heat treatment of schist. The roasting of micaceous schist may 

facilitate crushing for temper, or it may be related to the breakdown of the 

anhydrous structure (between 700-900 ° C) which prevents the mica from absorbing 



water after firing (see experimental section). The Thornbirds, studio artists who 

make micaceous pottery, found that heat treating micaceous schist was necessary 

to insure that mica would not pop off the surface of finished vessels (personal 

communication, fall 1990). Additionally, a series of micaceous schist quarries 

were carved out of Gila Butte, signifying the existence of a major mining 

operation. There was a minimum of 1000 tons removed from these quarries, 

based on estimates made by Rafferty (1982, 196). Schist was an important raw 

material for the Hohokam, as a variety of tools and decorative pieces were 

manufactured from this material. More important, though, is its use in ceramic 

manufacture. From grain size analysis, Abbott (1982) concluded that the 

micaceous schist was a deliberate addition to ceramics from the Hohokam red 

wares of the Salt-Gila Aqueduct Area. The use of this important raw material in 

Hohokam ceramic lasted nearly 1400 years (Rafferty 1982, 197). A number of 

ceramic types (Vahki Plain, Vahki Red, the red-on-grey varieties, the red-on-buff 

varieties and Gila Plain) incorporated large amounts of micaceous schist (Rafferty 

1982, 196-97). 

Rafferty (1982) suggests that the use of micaceous schist may have been 

decorative or possibly symbolic. Schist structures are associated with petroglyphs, 

and may have been shrines (Rafferty 1982,190-91). Shell, which is similar to mica 

in iridescence, had "more than ordinary importance" to the Hohokam at the 

Snaketown site (Haury 1976, 305). Mica may have had a similar importance at 

the Gila Butte Site (Rafferty 1982, 182). 
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Fontana and others recorded the manufacture and use of Papago Indian 

pottery of southern Arizona in 1958 and 1959 (1962). The Papago use a number 

of temper types, but only one temper type at a time, and a potter usually will use 

only one type. These tempers include horse manure; coarse and sifted sand; 

ground rock, granite and schist; and ground potsherds (Fontana et al. 1962, 57). 

Alvina Ignacio, Papago, stated that ground schist was added as temper "to make 

the water cooler," but it does not appear to be added specifically to cooking pots 

(Fontana et al. 1962, 57). Mica is present in some of the clay deposits and when 

this clay is used, no temper is usually added (Fontana et al. 1962, 58). Papago 

cooking pots are described as withstanding extreme temperatures. However, in 

these descriptions it is not clear what temper, if any, is used (Fontana et al. 1962, 

80). 

A number of authors have been interested in the functional aspects of mica 

in southwestern Arizona pottery (Raab 1973; Bruder 1977; Doyle 1976). Raab 

(1973) suggests that ethnographic models from the Papago (based on Fontana et 

al. 1962) support the conclusion that schist tempered pottery, due to the increase 

in porosity caused by mica additions, was used for cooling water and dry storage, 

while finer quartz tempered pots were used for cooking and liquid storage. Mica 

has been found to increase porosity 3-6% more than untempered clay (Wallace 

and Viana 1983). However, additions of any temper is expected to increase 

porosity. Doyle (1976) countered Raab's argument, looking at sand-tempered 

ceramics at the Escalante Ruin group and schist-tempered ceramics in the north 



of the Hohokam core area. Both temper types are used for storage and cooking. 

This dual use suggests that temper selection is based not on function, but rather 

is influenced by other factors, such as ethnicity or region (Doyle 1976). 

Micaceous pottery was an important and enduring component of the 

Hohokam ceramic tradition and recent Papago ceramics. There is evidence of 

schist mining and the manufacture of the pottery by specialists. However, there 

is no evidence that suggests the preferential use of mica in Hohokam cooking 

ware. In contrast, there is some indication of the preferential use of mica in 

decorated wares. It appears that the use of mica temper by the Hohokam was not 

associated with the improvement of thermal shock resistance but had a decorative 

or symbolic function. The Papago used micaceous clays and mica temper in 

addition to non-micaceous clays and other tempers. While the use of mica temper 

may be linked to enhanced evaporative cooling, there is no evidence to link mica 

use to cooking vessels. There is no evidence to suggest that micaceous ceramics 

of south-central Arizona were used preferentially for cooking pots; however, this 

does not mean that the ceramics made with this materials were not thermal shock 

resistant. A greater thermal shock resistance would also improve a vessel's ability 

to survive firing, and may have been observable and desirable for decorated wares. 

The Thornbirds, believe that their mica tempered ceramics (using a micaceous 

schist from the Tucson area) may be more resistant to thermal shock and are 

more likely to survive firing than those that are tempered with other materials 

(personal communication, fall 1990). 
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Guatemalan Micaceous Pottery 

Wallace and Viana (1983) believe that Utatlan micaceous wares are of 

culinary function. These pot surfaces are often smudged and carbon encrusted, 

sometimes to a greater extent at the vessel bottoms. The blackened cores are 

often separated from the surface smudges by an oxidized zone, indicating that 

smudging probably resulted from use over a fire (Wallace and Viana 1983). 

The Utatlan micaceous ware contain mica flakes, as large as 7mm in 

diameter, and make up to 50% of the body bulk. Large and small flakes show a 

preferred orientation parallel with the surface. Wallace and Viana found by 

replication that paddling produced similar alignment. The micaceous wares are 

generally thinner (average of 2 mm) than comparable shapes in burnished ware, 

and fired to a slightly lower temperature. They also suggest that the mica may 

"inhibit the continuation of fractures ... [and may have] potential refractory 

qualities (1983, 11)" such as thermal shock resistance. They also measured the 

strength of mica tempered and untempered briquettes and found that the mica 

tempered briquettes were up to 19% stronger. 

Much of the pottery that Weeks (1983) mentioned in his description of the 

ceramics excavated from the pre-hispanic settlement of Mukvitz Chi Ylocab 

(Chisalin) was micaceous. Nearly 50% of the Postclassic ceramics from Chisalin 

had a surface slip which contained mica, and 17% of which also contained mica 

the paste; 11% of the Chisalin ceramics contained mica exclusively in the paste 

(Weeks 1983, 157-81). Two types are predominantly tempered with mica: the 



Caca Micaceous and the Quiejche Unslipped which represent 9% of the total 

assemblage. There was no distinction in the use of these wares, only the 

categories of decorated and undecorated wares. 

Mica is an important component of Guatemalan Highland ceramics. This 

includes types with micaceous slip and/or paste. The majority of these wares 

contain significant amounts of mica in their slip only, although there are a number 

of polychrome wares which contain a micaceous paste. Mica use in these cases 

is not related to improved thermal shock resistance. In contrast, the Utatlan 

ceramics are described by Wallace and Viana (1983) as ware that was used for 

cooking containing significant amounts of mica in the paste. Additionally, these 

wares are manufactured using methods that enhance thermal shock resistance, 

such as the parallel alignment of mica flakes, lower firing temperature and 

thinness of walls, which suggests the refining of pottery manufacture related to 

improved thermal shock performance. 

Other Micaceous Wares 

In Tripoli, micaceous utilitarian wares have a greater percentage of mica 

than decorative wares (Ellis 1984, 92-93). The average point count for utilitarian 

wares is 71 while for painted wares it is 43. However, this difference appears only 

to represent the usual difference in coarseness of utilitarian wares and painted 

wares, as mica was the only mineral counted. Ellis makes no reference to 

function, but suggests that the lack of temper additions in the painted wares is 
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related to interference with aesthetic qualities such as surface polish (1984,114). 

Rye and Evans (1976) describe a potter of, Kafiristan, Pakistan, who 

crushes river rock for use as temper. Although much of the rock contains varying 

amounts of mica, he selects ones that are mainly quartz (Rye and Evans 1976, 9). 

Throughout the region in which Rye and Evans worked, sand is the predominate 

tempering material used (both for glazed and unglazed wares). The sand usually 

contained a small amount of mica (3%-6% by weight) and in a few instances 

contained larger amounts of mica (20% and 42% by weight). Quartz is the 

predominate mineral present (10% to 88% by weight) (Rye and Evans 1978,128). 

Mica, however, is used decoratively in the paperfine wares. A slip prepared with 

mica (containing minor amounts of silt and quartz) is ground and mixed with 

water, then applied to bone-dry vessels (Rye and Evans 1978, 65). Although mica 

is available in this region, sand and rocks containing less mica are preferred for 

tempering decorated and undecorated wares, and mica is only selected when it is 

to be used as a decorative slip. 

In villages in Algeria where domestic production of pottery is carried out, 

Balfet (1981) found a number of pots in each village, usually including a big dish 

and a cooking pot, that are made by the Alt Khelili, regional ceramic specialists. 

These pots are made from a clay rich in mica that is said to have a "resistance to 

fire" which ensures the reputation of these cooking posts and baking dishes. These 

pots are slipped and burnished, increasing the concentration of mica at the 

surface. Whether this is functional, or a way of reinforcing the concept that these 
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are the "renowned mica cooking pots" is not known. These pots are transported 

up to 100 km distance by donkey or by foot. It appears that the Alt Khelili potters 

are "specialists" in making thermal, shock resistant pots that are widely traded. 

Summary of Mica Use in Potteiy 

There is a wide range of variability in mica temper and pot function. In 

many regions there is no observable correlation between mica and function 

(Tripoli; Southeastern, U.S.; Keos), or the correlation contrasts with what is 

expected, as mica is more likely to be found as a component of decorated pots 

than utilitarian pots (Hohokam; Pakistan). In a number of regions mica is 

associated with cooking vessels (Rio Grande region; Highland Guatemala; 

Algeria). While mica may contribute to the thermal shock resistance of cooking 

pots, it also has a strong visual impact. Often both of these properties are valued 

attributes of the pottery, such as those from the Taos and Picuris Pueblos. 

ASBESTOS 

Asbestos is a general name used for fibrous varieties of silicate minerals 

of the amphibole or serpentine group (Skinner et al. 1988,192). The aspect ratio 

is the relationship of the length to the thickness (length/thickness). Fibrous is a 

term mineralogists use when the aspect ratio of a particle is 10 or greater (Skinner 

et al. 1988, 10). Many fibrous minerals are referred to as asbestos. The sue 

minerals currently referred to as asbestos are the serpentine mineral chrysolite 

(3Mg02Si022H20) and the amphibole minerals grunerite asbestos [also referred 
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to as amosite, (FeMg)Si03], riebeckite asbestos [also referred to as crocidolite, 

NaFe(Si03)3FeSi03H20], anthophylite asbestos [(MgFe)7Sig022(0H)22]I tremolite 

asbestos [Ca2Mg5Si8022(0H)2] and actinolite asbestos [Ca03(MgRe)04Si02]. 

Other silicates, such as palygorskite, and non-silicates, such as brucite, have also 

been referred to as asbestos (Skinner et al. 1988, 192). (See Zussman 1979 for 

a further discussion of asbestos mineralogy). 

Chrysolite, of the serpentine mineral group, is the most common, most 

widely mined, and most often used of the asbestos minerals. Most layered silicate 

minerals, such as mica and clays, are composed of tetrahedral and octahedral 

sheets that lie essentially flat. In Chrysolite asbestos these layers curl and roll up 

to form concentric hollow cylinders (with an average diameter of 25nm) (Skinner 

et al. 1988, 30). This form of individual cylindrical fibers may account for the 

flexibility and enhanced tensile strength of chrysolite relative to other forms of 

asbestos (Skinner et al. 1988, 31). The crystal structures of the amphibole 

asbestos minerals are chains of alumina silicates, rather than cylinders comprised 

of rolled sheets (Skinner et al. 1988, 35). 

Iron- and magnesium-rich rocks associated with tectonic and metamorphic 

activity are necessary for the development of asbestos minerals (Lamarche and 

Riordon 1981, 20-21; Dreyer and Robinson 1981, 32). Fibrous forms of 

amphiboles and serpentines, found as concentrated aggregates or in veins, occur 

in many types of rocks as minor constituents, and are widely distributed in soils 

and waters throughout the world (Hodgson 1989, 45; Suta and Levine 1979). A 
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sample of asbestos is often composed of more than one of the six asbestos 

minerals and may contain nonfibrous silicate minerals, such as quartz, feldspar, or 

mica (Hodgson 1989, 46). 

ASBESTOS TEMPERED CERAMICS 

Asbestos pottery is a common ceramic tradition in Scandinavia and 

northeast Siberia. Sources and distribution of asbestos have been investigated at 

late Stone Age sites, where there appears to have been a "south-to-north-going 

trade in asbestos and the transportation of flint, quartzite and pumice in the 

opposite direction" (Simonsen 1986, 297). The asbestos ceramic tradition is 

associated with hunting societies/sites (Olsen 1985; J0rgensen and Olsen 1987; 

Sundstrom 1988) through at least the Bronze Age (Siiriainen 1986), and is used 

to identify culture groups (i.e. the Asbestos Ceramic culture) (Simonsen 1985). 

Numerous types are reported: Luukonsaari (Sawateev 1984), Northwest 

Norwegian (Agotnes 1986), Risvik, Kjelmoy (J0rgensen and Olsen 1987; Jorgensen 

1988). Asbestos pottery is considered by archaeologists to be "a technological 

designation without cultural meaning" (Zvelebil 1981, 57). Common knowledge 

dictates that asbestos pottery was used for cooking. Matiskainen believes the 

thermal shock benefits of asbestos temper were understood by at least 5000-4000 

B.P., as the pottery of this period was abundantly filled with asbestos fibers. 

There are also rumors that during the 1950's Finnish archaeologists compared 

reproductions of asbestos and sand tempered pottery and found enormous 
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differences in their durability (Matiskainen, letter to the author, summer 1992). 

A sherd of Scandinavian asbestos pottery from the Suomussalmi 

Kalmosarkka site was obtained from Matiskainen (see Matiskainen and Alhonen 

1984). Micrographs were taken with a scanning electron microscope, SEM, at 3Qx, 

50x, 200x and 50Qx (Figure 4). The clay matrix is rich in asbestos ranging in size 

from 1 or 2 centimeters in length and few millimeters in thickness to 100 /xm in 

length and a few microns in thickness. The abundant content of asbestos was 

surprising and appears at least comparable to a 20% wollastonite tempered 

sample that was made for the experimental section of this study (Figure 5). 

Additions of this much asbestos would seem to go beyond improving workability 

and would likely make manufacturing difficult. The improvement of toughness 

and thermal shock resistances is the only plausible motivation for such generous 

additions. 

The present and past inhabitants of Karamoja, Uganda, have used 

amphibolic asbestos in their water jars and cooking pots (Wilson 1970, 1973). 

These cooking pots measure 15 to 25 cm in height and are up to 15 mm in 

thickness. According to Wilson (1973), the Karimonjong state "that they have 

traditionally incorporated asbestos in their cooking pots as it lengthens the life of 

the article, seemingly reduced the incidence of cracking on repeated domestic 

use." The material is obtained locally and added to powdered clay (20% asbestos) 
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Figure 4 Micrographs of asbestos tempered ceramic from the Suomussalmi 
Kalmosarkka site. A - 30x; B - 50x; C - 200x; D - 500x. 
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Figure 4 - continued 
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Figure 5 Micrograph of wollastonite tempered sample, 20 volume percent (50x). 

after being ground to an average of 1 cm lengths of fiber. According to Wilson 

(1973) similar use of asbestos occurs in the Didinga tribe of Southern Sudan and 

the Turkana of Kenya according to Wilson. 

Asbestos-tempered ceramics are more thermal shock resistant than those 

without asbestos, probably even for small additions (5% asbestos fiber is common 

for asbestos cements) (Kelly 1975, 476). From the information available, it is not 

evident to what degree the Scandinavian asbestos ceramics were used for cooking 

vessels. Benefits of using asbestos, or any fibrous material, also include increased 

wet and dry strength. The content of the asbestos in the observed sample appears 

to be in the range of 20% by volume (as compared with the 20% by volume 



wollastonite); levels this high and would probably decrease workability, but benefit 

the dry and fired toughness, resulting in a highly thermal shock resistant pottery. 

The prevalent use, abundant content, widespread trade and unpublished rumors 

of asbestos indicate that the choice of this uncommon tempering material was 

intentional. The African ceramics are clearly an example of asbestos use for its 

effect on the improvement of toughness and thermal shock resistance. 

ADDITIONAL PLATY, BLADE-LIKE, ROD-LIKE AND FIBROUS MINERALS 

In addition to asbestos, there are a number of silicate and aluminosilicate 

minerals that may occur in fibrous form. Pyroxenes (such as jadeite, diopside, 

enstatite), pyroxenoids (such as wollastonite), sillimanite, micas, pyrophyllite, talc, 

minnesotaite, chlorites, clays (palygorskite {attapulgite} and sepiolite usually occur 

as fibers), zeolites and turmalines. From every chemical group there are minerals 

that form fibers (Hodgson 1989, 79; Hurlbut and Klein 1977). The silicates and 

the aluminosilicates are the most commonly encountered. Often, these fibrous 

forms occur in association with other fibrous or platy minerals (Hodgson 1989, 

59). The silicates are also noted for their flexibility and thermal stability 

(Hodgson 1989, 46), while many non-silicates are noted for there low strength, 

rarity and instability (Skinner 1988; Hodgson 1989; Hurlbut and Klein 1977). 

Most of the minerals that have a fibrous form also occur in a platy, rod-like 

or blade-like nature (Hurlbut and Klein 1977). Additionally, there are materials 

of organic or volcanic origin that have fibrous, platy or rod-like natures. Some of 
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the more prevalent of these materials will be discussed, including the 

archaeological and/or ethnographic record of their use. 

Due to its ability to reinforce various matrices, fibrous wollastonite is being 

considered by industry as a natural mineral that may successfully replace asbestos 

(Hodgson 1989, 47). Although a relatively rare mineral, it often occurs in fibrous 

or cleavable masses of acicular crystals. It has a high melting temperature 

(1540 °C). No traditional ceramics using wollastonite have come to fny attention, 

but there are some studio potters that use this material to increase the thermal 

shock resistance of their ceramics (questionnaire, NCECA conference, spring 

1991). 

Zeolites are minerals that occur in fibrous form and are derived from the 

aqueous degradation of volcanic ash. Often they are found in extensive deposits 

in the vicinity of basaltic flows. They were considered suitable substitutes for 

asbestos (due to similar properties) until health risks similar to those found with 

asbestos were reported (Elms 1989, 176). No traditional ceramics using fibrous 

zeolites have come to my attention. 

Talc is a common non-plastic material added to ceramics. The "fine 

texture, durability and comparative thinness" of Uganda pots result in the use of 

approximately 20% talc with 80% dry clay (Wilson 1973). It is not clear if these 

pots are used in cooking. Talc is also used as a slip on pottery in Guatemala and 

may impart non-sticking qualities to cooking vessels (Reina and Hill 1978, 24). 

Talc is a fine platy material that is being considered as a replacement for shortest 
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grades of asbestos (Hodgson 1989,55-56). Talc often contains tremolite and other 

asbestos minerals which may have relevance to its use in traditional ceramics such 

as those of Uganda (Hodgson 1989, 56). Talc also has a low thermal expansion 

and a low melting temperature. The low coefficient of thermal expansion might 

impart some thermal shock resistance that is unrelated to effective surface energy 

of fracture. The low melting temperature may add strength or reduce porosity, 

which tends to make ceramic materials less thermal shock resistant. The exact 

nature of the influences of talc on thermal shock for low fired ceramics is not 

clear and deserves more study. 

Clay minerals are usually platy. The hormites, which include palygorskite 

(or attapulgite) and sepiolite (commonly referred to as mountain leather and 

mountain wood respectively) and halloysite, a kaolin, are commonly fibrous 

(Skinner et al. 1988, 60-66; Hodgson 1989,58-60). These minerals are unlikely to 

have significant reinforcing properties in the fired state. A temper (sah kab) 

containing attapulgite (sak lu'um) was used by the potters of Ticul, Yucatan in 

their non-cooking pots to prevent sagging and cracking (Arnold 1971). The use 

of attapulgite in traditional ceramics may be related to the high absorbency 

(Arnold 1971) (sepiolite can retain up to 250% of its own weight in water 

{Hodgson 1989, 58}) and a reinforcing nature in the wet or dry state. 

Volcanic Materials 

Volcanic materials such as pumice and tufa have a platy nature when 
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crushed. Pumice is a form of a volcanic glass that is highly vesicular (Press and 

Siever 1982, 597). Volcanic tufas are consolidated rock composed of pyroclastic 

ash fall which contains glassy or crystalline silicate materials (Press and Siever 

1982,602). While these materials should produce thermal shock resistant pottery, 

the majority of modern painted Pecos wares are tempered with visible platy tufa 

fragments, while sand temper is usually used in culinary ware (Shepard 1936,544, 

552). A pumice "sand" is used in pottery manufacture in the Maya highlands 

(Rice 1985), but its use and morphological nature are not made apparent in the 

literature. 

Materials of Organic Origin 

Organic fibers (carbon based) are common tempering materials (Skibo et 

al. 1989). It is expected that these materials would burn out or carbonize, adding 

little to the toughness of the ceramic material and were probably added to impart 

workability and dry strength. In the case of the Arctic Thule culture, some 

cooking pots appeared unfired and contained uncarbonized hair and plant fibers. 

Fiber and blood held these ceramics together, acting as a "grit- and fiber-

reinforced polymer composite rather than a fired ceramic product" (Stimmell and 

Stromberg 1986). 

There are a number of silicates that are of organic origin that have a rod

like, or platy nature, which may act to increase the effective fracture surface 

energy. These materials include diatoms, sponge spicules and silicates from plants 



(phytoliths). 

Diatoms are algae with silica-rich skeletons ranging in size from 5-1000 /xm 

(Hodgson 1989, 49). These skeletons accumulate on the floor of lakes and seas 

in extensive deposits often intermixed with fine clays (Hodgson 1989, 50). Often 

the morphology of the skeletal material is plate-like or rod shaped (Foged 1984) 

and may influence thermal shock behavior if their presence is significant. Diatoms 

are found in sedimentary clays and are used to determine the origin of the clay 

used in Finnish Neolithic ceramics (Matiskainen and Alhonen 1984). Their 

occurrence does not appear to be related to thermal shock resistance. Shepard 

(1965, 26) mentions the use of diatomaceous earth as temper; however she gives 

no references. 

Sponges have a silica and/or calcite skeletal structure or spicules. Fresh 

water sponge spicules are typically silica and have a rod-like and star-like 

morphology. SEM studies of spongilla (Ward's Natural Science) ashed in 6000 C 

furnace show silicates of rod-like morphology 200-400 nm in length and 10-30 /zm 

in width (Figure 6). 

Ancient African pottery from Mali contains sponge spicules. These 

elongated rods are the siliceous skeletal remains of the freshwater sponges, 

Potamolipis, commonly found on the dry floodplain of the Niger, south of 

Timbuktu (Brissaud and Houdayer 1986). Brissaud and Houdayer (1986) 

concluded that the additions of spicules are intentional because they are found in 

clusters, rather than uniformly distributed. Indians along the Amazon and 
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Figure 6 Micrograph of spongilla (Ward's Natural Science) ashed in 600°C 
furnace (lOOx). 

Orinoco rivers used similar materials in the earlier part of this century, but 

spicules were replaced with silicates derived from ashes from bark of the smoe 

(Brissaud and Houdayer 1986; Linne 1932, 1965). Linne (1965) reported that 

spicules served as reinforcement that improved wet strength and provided a 

"splendid materiaL.for artists with bold and uninhibited ideas." She also noted 

that spicules were aligned parallel to the surface when observed in cross-section. 

Sponge spicules were also found in both utilitarian and non-utilitarian 

pottery of the Weeden Island culture of the Southeastern United States (Rice and 

Cordell 1986). There is no evidence that sponge spicule use was related to an 

increase in thermal shock resistance. The presence of sponge spicules appears to 

be more likely a result of the depositional environment of the clay and not a 
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purposeful addition. Sherds containing sponge spicules were obtained from 

Cordell and included Orange Plain (fiber tempered), St. Johns Plain and St. Johns 

Check Stamped. SEM micrographs of the Orange Plain Ware show evidences of 

sponge spicules, but the content does not appear to be significant (Figure 7). The 

voids, remnants of organic fiber which appear to be grass, represent a significant 

portion of the sherd and contributed to the friable texture of the sherd. The St. 

Johns Plain (Figure 8) and St. Johns Check Stamped (Figure 9) sherds contain 

approximately 10%-20% sponge spicules by volume. The St. Johns Plain sherd 

was harder than St. Johns Check Stamped sherd. This difference in hardness may 

have contributed to the differences in their fracture surfaces. Spicules were 

fractured with little pull-out in St. Johns Plain and were pulled-out in the St. Johns 

Check Stamped. Borremans and Shaak (1986), who examined St Johns ware 

containing significant amounts of sponge spicules, concluded that the "silty or 

chalky feel" of this pottery is a result of a low firing temperature and the sloughing 

off of surface spicules. Pottery containing 10%-20% sponge spicules would be 

expected to be toughened through crack-bridging and pull-out. The influence of 

these effects is dependent on the relative strengths of the clay matrix and temper, 

and would be less for ceramics such as the St. Johns Plain, which fractured with 

little evidence of pull-out and crack-bridging. 

Opal phytoliths result from the precipitation of hydrated silica dissolved in 

the groundwater and taken up through the plant's vascular system. The distinctive 

shapes of phytoliths are useful in the study of palaeoecology and prehistoric 



Figure 7 Micrographs of Orange Plain ware showing voids from fiber temper (a -
25x) and sponge spicules (b - lOOOx). 



Figure 8 Micrographs of St. Johns Plain ware showing sponge spicules broken at 
the fracture surface, a - 500x (from above); b - 750x (from side). 



Figure 9 Micrographs of St. Johns Check Stamped ware showing sponge spicules 
and voids left from pull-out of spicules, a - lOOx; b - 500x. 



agriculture and plant use (Brooks and Johannes 1990,101-03; Rovner 1983). The 

phytoliths often have a rod-like morphology and may range in size up to 1 mm 

(Rovner 1983). On the Amazon and Orinoco and in Guiana, a highly siliceous 

bark ash is used as temper (96% silica by weight) (Linne 1965). These materials 

are used, according to Linne, because no sand or rock exists in the area. 

Bark ash is also used by the Shipibo-Conibo (DeBoer and Lathrap 1979). 

The Shipibo-Conibo distinguish two types of ceramics, cooking ware and non-

cooking ware. The cooking ware contains temper made from charred and ground 

silica-containing bark of the caraipe tree (Lucabu spp; mui, by the Shipibo-

Conibo) (Prance 1972). While variable, the bottoms of cooking pots contain 

approximately two-thirds caraipe temper and one-third sherd temper, while the 

necks contain only one-third caraipe temper. For non-cooking pots two-thirds 

sherd and one-third caraipe temper is generally used. There is more variability 

in temper composition for non-cooking wares than for cooking wares (Deboer and 

Lathrap 1979). The caraipe temper use is preferable to sherd temper use for 

increasing the thermal shock resistance of Shipibo-Conibo cooking pottery. The 

use of these materials appears to be based partially on the lack of other available 

tempering materials. 

A sample of burnt caraipe bark was acquired from W. DeBoer, who 

collected the sample in 1971 at the Shipibo settlement of San Francisco de 

Yarinacocha (DeBoer and Lathrap 1979). A sample of caraipe temper, prepared 

for use by potters, was acquired from G. T. Prance, who collected the sample at 
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Maraj6 Island, Pard, Brazil. SEM studies of the burnt caraipe bark show a 

vascular material with a sheet-like texture (Figure 10a, 10b). The prepared 

temper had particles ranging in size from 2 mm to a few microns. The larger 

particles were slightly elongated with ridges running along the length. The smaller 

particles were often platy flakes or elongated rods (Figure 10c, lOd). 

Another factor of these organic silica and volcanic tempers that is related 

to thermal shock resistance is the crystallinity of silica content. Silica-in crystalline 

form (quartz and cristobalite) has a high coefficient of thermal expansion while 

as a glass (amorphous) has a low coefficient of thermal expansion. Hydrous 

silicates (opal) contain a wide range of crystallinity from well-ordered a-

cristobalite to near-amorphous silica glass. Diatoms are usually of the near 

amorphous variety (Jones and Segnit 1971). Sponge spicules, caraipe bark temper 

and diatomite were found to be mainly amorphous based on X-ray diffraction 

studies (Figure 11). As discussed earlier, additions of a material with a low 

thermal expansion should reduce the total thermal expansion of the composite 

material. Since phytoliths, diatoms, and possibly volcanic materials contain 

amorphous silica, they may act to reduce the thermal expansion of pottery 

containing large amounts of these tempers. This effect is investigated in a later 

section. The actual increase in thermal shock resistance resulting from this 

reduction is not expected to be great. 



Figure 10 Micrographs of burnt caraipe bark collected by W. DeBoer at the 
Shipibo settlement of San Francisco de Yarinacocha (DeBoer and Lathrap 1979). 
a - 50x; b - 500x. 



Figure 10 - continued Micrographs of prepared caraipi temper collected by G. T. 
Prance Maraj6 Island, Par&, Brazil, c - 50x; d - 500x. 
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Figure 11 X-ray diffraction spectra of sponge spicules, caraipe bark and temper, 
and diatomite indicate mainly amorphous silica. 
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Crushed shell is a common temper in archaeological and traditional 

ceramics. A number of authors have investigated the use of shell and crushed 

calcite in cooking pots (Rye 1981,127; Rye 1976,116-17; Steponaitis 1984,111-12, 

Feathers and Scott 1989). Many of these studies have emphasized the similarity 

of the thermal expansion of clay and calcite. Shell when calcined and crushed 

forms platelets (Steponaitis 1984,112; Feathers and Scott 1989). These platelets 

act like mica to increase the thermal shock resistance by increasing "fracture 

toughness" (Steponaitis 1984, 112; Feathers and Scott 1989). The above writers 

suggest that this increase in toughness may have influenced the switch from grog 

and sand to shell as the predominate tempering material in cooking pots. 

SAND AND OTHER NON-PLATY NON-FIBROUS TEMPERS 

Sand is possibly the most common tempering material in cooking pots. 

Shepard (1936, 552) found that "Stream sand [was] the most common tempering 

material in all periods" for cooking pots of the Pecos. The use of sand tempered 

cooking pots in Britain lasted 2000 years (Woods 1986). Other non-platy 

materials are also commonly used for cooking pots. Ticul potters in the Yucatan 

use crushed macro-crystalline calcite, hi, exclusively in their cooking pots (Arnold 

1971; Thompson 1958, 69, 113). This use of non-platy non-fibrous tempers is not 

in conflict with our understanding of thermal shock behavior and temper. Size 

range and amount of tempering material are significant variables in the thermal 

shock behavior that can easily be adjusted by potters. This fact is observable in 



the common division of ceramic types into coarse wares and fine wares, both by 

the archaeologist and the traditional potters. Apache clay used for making 

cooking pots "contains a great many more pebbles that the other clays" (Guthe 

1925, 47). Kidder wrote that, "A sharp distinction evidently existed in the minds 

of all Pueblo potters between vessels to used for cooking and those for such 

general household purposes as the serving of food, the storage of supplies, and the 

carrying and holding of water ... The kitchen ware ... was usually fabricated from 

much coarser, or at least more coarsely tempered, clay" (Kidder 1936, 297). 

Moundville ceramics were found to be divided into two groups, each with a 

different paste and different use (Steponaitis 1984, 86). The first group was 

comprised of those made with finely-ground shell, and consisted mainly of bowls 

and bottles that were not used for cooking. The second group was comprised of 

unburnished jars tempered with coarse shell, with evidence of use for cooking 

(Steponaitis 1984, 85-86). Adding coarse tempering materials or selecting clays 

that contained coarse materials was a simple and effective manner of producing 

pottery that was sufficiently thermal shock resistant. This is evident in the 

predominance of tempering materials such as sand, quartz, calcite, crushed sherd 

and crushed rock. 

DISCUSSION OF TEMPER AND COOKING POTS 

The use and selection of tempers is the most important factor for 

traditional potters for improving thermal shock resistance. By increasing the size 



67 

range and amount of temper, pottery can be made more thermal shock resistant. 

The typical division between coarse ware and fine wares confirm that traditional 

and prehistoric potters understood the results of such additions. This is a simple 

and effective manner for making sufficiently thermal shock resistant pottery, 

regardless of the temper type. The predominance of sand temper pottery used for 

culinary ware confirms this. There are significant numbers of pottery types that 

have platy or fibrous tempers which result in improved thermal shock resistance. 

The micaceous pottery of the Rio Grande region, Highland Guatemala and 

Algeria and the asbestos pottery of Scandinavia and Uganda are examples wherein 

the selection of temper appears to be purposeful with the objective of obtaining 

qualities of improved thermal shock resistance. Often mica is used where it would 

not be expected, such as on the surface of pottery as a slip or as a temper in the 

decorated wares (Pakistan; Hohokam), resulting in a reverse of the functional 

correlation. The visual and aesthetic qualities of mica have been demonstrated 

to be valued properties. The use of caraipe temper and sponge spicules appears 

to be based partially on the lack of other suitable tempers, but the morphology 

and amorphous structure should improve thermal shock resistance. The Shipibo-

Conibo's predominant use of caraipe in cooking pottery is indicative of an 

understanding of this practice. As has been suggested by other authors, crushed 

shell also appears to be selected for its improvement in thermal shock resistant. 
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CHAPTER 4 

EXPERIMENTAL WORK 

Previous experimenters have attempted to measure thermal shock resistance 

in a number of ways. Steponaitis (1983) chose to measure a number of physical 

properties that affect thermal shock resistance. These included apparent porosity, 

thermal diffusivity, elasticity and tensile strength. As was discussed earlier, this 

approach is problematic. Bronitsky (1982) and others following his example (Skibo 

et al. 1989) subjected briquettes to a number of cycles of immersion in boiling water 

followed by ice water (AT = 100 °C), then measured their strength by impact testing. 

This approach provides a general concept of thermal shock resistance and is often 

used in the ceramic industry for quality control; however, it is not the most 

illustrative method for describing thermal shock behavior. 

In this study three methods for characterizing the thermal shock resistance of 

ceramic materials were used. The first method indirectly measured thermal shock 

resistance by qualitatively describing the fracture toughness. This was done by 

measuring load versus displacement while breaking notched bars with an Instron 

Mechanical Tester. Modulus of rupture, Young's modulus and energy of fracture can 

be calculated from this information. The validity of this method is based on the 

conclusion that effective fracture energy is the main contributor to thermal shock 
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resistance. This first method measures only the effect of temper morphology and 

strength. The second method measures the effects of temper on the total thermal 

expansion of the clay-temper material. The change in length, A/, was measured as 

sections of tempered rod were heated. In the third method the thermal shock 

behavior was directly established by experimentally determining the change in 

strength as a function of AT. Samples were heated to progressively higher 

temperatures and quenched in room temperature water (20-250 C) (Hasselman 1969; 

Chyung 1973; Davidge and Tappin 1967) (Figure 33). In this method the effect of 

both thermal expansion and toughness are addressed. Each temper type that was 

used in the quench tests also had thermal expansion measured. From this 

information the influence of toughness and thermal expansion on the thermal shock 

resistance can be evaluated. 

To better understand the structure of fractures, an SEM was used to observe 

and photograph the fractures of samples containing different temper types. Since the 

exact mineralogy was not known for shell and marble temper, X-ray diffraction 

studies were conducted. 

MATERIALS 

Clay 

Red Art clay (Ceder Heights, Ohio), the lowest firing terracotta clay that is 

commercially available throughout the United States was used for all tests. It is a 

slightly higher firing clay than many sedimentary clays that are typically used by 
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traditional potters, but because of its availability and consistency it was considered 

the most suitable for the purposes of these tests. Premixed clay bodies from pottery 

suppliers were avoided because of the reluctancy of suppliers to provide 

compositional information. Mineralogical and compositional data for Red Art clay 

can be found in Appendix A. Red Art is often mixed with additives and other clays 

to formulate desirable clay bodies by potters and pottery suppliers. For simplicity 

and because by itself Red Art forms a workable body with good plasticity no other 

clays or additives were included. Red Art clay (dry and powdered) and 21% tap 

water were well mixed, aged for 48 hours, and then de-aired in a vacuum extruder. 

Temper was added, and wedged in by hand. Extra water was added with the temper 

as needed. The percentage of water was calculated for each mixture by comparing 

weight and dry weight (105 °C for a minimum of 12 hours). This data is recorded 

in Table 1. 

Tempers 

Temper types were selected for their morphology and thermal expansion 

properties. Morphology types included fibrous, rod like, platy, angular and round. 

Categories of thermal expansion characteristics relative to clay were: lower, similar 

and higher. Temper types and a comparison of morphology and thermal expansion 

can be found in Table 2. 

Shell (Gfycymeris spp.) was heated to 650"C for 5 minutes in atmosphere, 

pulled from the furnace when hot and then ground to be used as temper. Grog was 
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made by grinding clay that was fired to 900"C and held at that temperature for 1/2 

hour. Since the specific mineralogy of shell and marble were not known, X-ray 

diffraction studies were conducted (Figure 12). The heat treated shell transformed 

from aragonite to calcite, as was expected. The marble is calcite without other 

mineral content of significance. The minor peaks were not identified. 

Table 1 Percentage of water and shrinkage (dry and fired). 
Temper 
20% by 
volume 
147-2000Mm 

water 

(%) 

Dry 105 °C 
Shrinkage 12 Hours 

(%) 

Fired 700 °C 
Shrinkage 60 

(%) minutes 

Temper 
20% by 
volume 
147-2000Mm 

water 

(%) 
Length Width Length 

wet 
(dry) 

Width 
wet 

(dry) 
Untempered 21 6.4 5 5.9 

(-0.5) 
4 

(-1) 
Grog 21 5.3 4 4.7 

(-0.6) 
3 

(-1) 
Diatomite 25 5.0 4 4.8 

(-0.2) 
3 

(-1) 
Fused Silica 
147-417/um 

17 5.4 4 5.0 
(-0.4) 

4 
(0) 

Sand 14 4.3 4 3.5 
(-0.8) 

3 
(-1) 

Quartz 15 3.5 3 2.1 
(-0.6) 

2 
(-1) 

Marble 15 4.0 3 3.5 
(-0.5) 

3 
(0) 

Shell 16 3.9 4 3.3 
(-0.6) 

3 
(-1) 

Mica 20 2.6 3 2.1 
(-0.5) 

2 
(-1) 

Wollastonite 
WFP 

16 2.5 6 2.2 
(-0.3) 

6 
(0) 



Table 2 Source, morphology, density, thermal stability, thermal expansion, maximum volume and ideal volume for 
tempers tested. E - Experimental; H - Bolz and Tuve 1973; S - Supplier; Sk - Skinner 1966. 

Temper Source Morphology Density 
(g/ml) 

Thermal Stability Thermal 
Expansion 

x io7°c 

Maximum 
Volume 

% 

Ideal 
Volume 

% 

Grog Fired Redart 
900 °C, 30 min. 

Angular 1.8^ 7b >40 -20 

Sand 
(Si02) 

Unimin 
Corporation 

Round 2.65" M.P 1610 °C 17aK 

x 20, II 12 
-40 -20 

Quartz 
(Si02) 

US Silica Angular 2.65H M.P 1610 °C 17SK 
x 20, || 12 

-40 -20 

Diatomite 
(Si02) 

Celaton 
Eagle-Picher 

Angular .8a -0.5 -40 -20 

Fused Silica 
(amorphous) 

(Si02) 

Ceredyne 
Thermo 
Materials 

Angular 2.23 0.54aK -20 

Marble 
(CaC03) 

Georgia 
Marble 

(Tucson) 

Angular 2.6a Decomposes 
above 
750 °C 

7=k 

x 30 
11-4 

-20 

Shell 
(CaC03) 

Glycymeris 
650 "C, 5 min. 

Angular 
to Platy 

2.4" Decomposes 
above 750 °C x 30, II -4 

-40 -20 



Table 2 - continued 

Temper Source Morphology Density 
(g/ml) 

Thermal Stability Thermal 
Expansion 

x io7°c 

Maximum 
Volume 

% 

Ideal 
Volume 

% 

Mica 
{KAl2(AlSi3) 

(OH)2} 

KMG Minerals Platy 2.823 -20 -5 

Wollstonite 
(CaSi02) 

NYO Rod-like 
to Fibrous 

2.93 M.P. 1540 °C 6.5a -20 -5 

Kaowool 
(Bulk A) 

Thermal 
Ceramics 

Fibrous 2.56° M.P. 1760 °C <5 -1 

Mohair 
(Goat Hair) 

Marin 
Mohair 

Fibrous 1.32" Organic - Burns <5 ~1 
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Temper Percent and Size 

Volume percentage of temper was calculated using the densities of the clay 

and temper components. Density values were either obtained from the literature or 

derived experimentally. Densities of all tempers are listed in Table 2, along with 

the source of information. The notation, %, will be used to refer to volume percent 

for all experimental work. 

Temper types vary in the degree to which they influence workability. While 

40 volume percent may be the maximum amount of sand that can be added to clay 

without the clay losing workability, only 20% mica can be added. Since the same 

percentage of different tempers have variable effects on workability, volume 

percentage is not behaviorally equitable. Workability is an important issue in the 

choice of temper type and was the most commonly cited reason for temper choice 

by modern studio artists questioned (questionnaire, NCECA conference, spring 1991). 

While it is difficult to deal with the problem of comparable amounts of temper, 

understanding the degree to which volume percentage of temper influences thermal 

shock resistance will enable us to make more reasonable conclusions. Maximum 

temper percentage and ideal working range for each temper in listed on Table 2. 

Temper size was also compared. Tempers were screened through U.S. 

standard mesh sizes: 10,20,40, 60 and 100. The material collected by the 20,40, 60 

and 100 mesh screens corresponds to size ranges of 850-2000, 417-850, 246-417 and 

147-246 fim. respectively. Fibrous material including wollastonite, hair and sisal were 

not screened. Wollastonite was used in the grades supplied by NYCO (WFP, WG, 
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W200, which are coarse, medium and fine respectively) (see Appendix B for 

information on wollastonite grades). Hair and sisal were chopped to range in size 

from 1-30 mm. Equal parts of the four size ranges were combined to make bars 

labeled 10-100 mesh or 146-2000 /xm. 

FRACTURE TOUGHNESS MEASUREMENTS 

Temper size, volume percentage, morphology and firing temperature, along 

with their resulting influences on fracture behavior were investigated in this section. 

Test bars 12 mm wide, 18 mm thick and approximately 80 mm long were 

constructed by rolling rods of clay and pressing them into wooden dies. This was the 

most economical method devised in terms of time and material that would provide 

a consistent product and ensure that clay platelets and temper were preferentially 

orientated in the axial direction. The intent was to reproduce the particle orientation 

resulting from typical pottery production methods. Similar construction methods 

have been used by others (Edwards 1991,545; Feathers and Scott 1989; Wallace and 

Viana 1983). Bars were dried slowly in air and then in a 105 ° C drying oven for 12 

hours. Bars were fired to temperature and held at that temperature for 1/2 hour. 

After firing, bars were center notched with a .011 in. diamond blade to a 

depth of 3 mm. A sliding sample-holding-device was constructed to insure that cuts 

were straight rather than curved, and that the depth of the notch was consistent. 

Bars were again dried because water was used as a lubricant in the notching process 

(except for the unfired bars which were dry notched). 



77 

Bars were broken with a three point bend test rig using an Instron Mechanical 

Tester, Model 1011. The Instron was connected to a computer with Instron Series 

IX software. Load-displacement data was collected by the program. Typically two 

bars were broken for each sample type. 

Figures 13 through 15 catalog all load-displacement curves. The first set 

compares the load-displacement curves for unfired bars and bars fired to 500, 700, 

900 and 1000°C (Figure 13a-f). For each temperature, bars contained 20%, 417-850 

Mm of the following tempers except where noted: diatomite, shell (unfired, 500 and 

700 °C), sand (900 and 1000 °C), quartz, mica, wollastonite (WFP), sisal (5%), hair 

(1%), Kaowool (5%, 900 ° C). Samples were not made for each temperature for sand 

and Kaowool. Shell tempered bars fired above 700 °C fell apart due to the 

decomposition of CaC03 above 750 °C. 

The second set of load-displacement curves compares bars containing different 

size range of tempers (Figure 14a-c). All bars contained 20% temper and were fired 

to 900 °C. The size ranges compared for quartz, sand, grog, diatomite and mica 

tempered bars included 147-246, 246-417, 417-850 and 850-2000 /nm. Three grades 

of wollastonite were compared: WFP, WG and W200. 

The last set of load-displacement curves compares bars containing different 

amounts of temper (Figure 15a-b). All bars were fired to 900"C and contain 417-850 

Mm temper except for wollastonite which contained grade WFP. Amounts of 5%, 

20% and 40% were compared for quartz and grog, and 1%, 5% and 20% were 

compared for mica and wollastonite. 
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The program used determined maximum load (kN), energy to yield (J), energy 

to break (J), energy from yield to break (J) and slope (N/mm). The yield point was 

determined as the maximum load point on the load-displacement curve. Yield is 

typically determined as the point where the load-displacement curve deviates from 

the line made through the steepest linear region of the load-displacement curve. 

Samples that had stable fracture (not catastrophic or semi-stable, see Figure 3) are 

expected to have an actual yield point that would differ significantly from the 

determined yield point. Since the energy from yield to break was calculated using 

the determined yield point values, many samples, especially the tougher ceramics 

such as 20% mica and wollastonite, are expected to have significantly underestimated 

yield to break energy values and overestimated energy to yield values. 

Accuracy of fracture mechanics measurements necessitates that the ceramic 

samples are pre-cracked and the crack measured. Low fired ceramic are porous, 

however, and it is impossible to make accurate crack length measurements on porous 

materials (Evans 1973,25-29). If the bars are notched deep enough, the cracks will 

arrest and subsequently propagate in a stable manner (Evans 1973,43; Davidge 1979; 

47-48; Nakayama 1965). The energy expended during crack propagation, UY, can be 

obtained by calculating the area under the load-deflection curve. This method is 

usually referred to as "the work of fracture" method. This energy divided by the 

cross-sectional area of the fracture surface is equal to the average energy expended 

during crack propagation (Evans 1973, 43; Davidge 1979, 48; Nakayama 1965). 
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Where Yefr is the effective fracture energy and A is cross-sectional area of the sample, 

the energy expended during crack propagation is expressed as: 

Uv = 2Ayeff 

While samples typically are notched leaving a triangular area to help stabilize crack 

propagation, similar results may be obtained using center-notched specimens, which 

are more convenient to manufacture (Davidge 1979, 48; Nakayama 1965). This 

average energy could be equivalent to the critical stress intensity factor, K1C, if fully 

stable crack propagation is achieved, and if the energy expended other than in the 

fracture surface is negligible or is accounted for (Evans 1973, 43). Since these 

constraints are difficult to achieve, only approximate values of veff and KIC can be 

determined (Evans 1973, 43-44). Since qualitative measurements of the differences 

between temper morphology, size and percentage was the goal of these tests, these 

constraints were not felt to be detrimental. 

When bars break catastrophically as depicted in Figure 3a, the energy stored 

in the specimen and apparatus is greater than can be dissipated in the fracture 

process, and yeff cannot be measured (Davidge 1973, 48; Nakayama 1965). Actual 

yeff values for samples undergoing catastrophic failure would be a fraction of the ones 

calculated from the area under the load-displacement curve. In semi-stable and 

stable fracture (Figure 3b and 3c) the energy stored is less than the energy that is 

dissipated in the fracture process. Stable crack propagation is achieved and veffcan 

be calculated from the load-displacement curve. The yeff values calculated from the 



semi-stable curves tend to be overestimates (Nakayama 1965). Approximate values 

for Yeff have been listed in Appendix C along with calculated data. 

Figure 16 through 21 depict the average values for calculated data points for 

all load-displacement curves. The first set compares the values for slope, maximum 

load, energy to yield, energy yield to break and energy to break for unfired bars and 

bars fired to 500,700,900 and 1000 °C (figures 16 and 17). The second set of graphs 

compares values for bars containing different size range of temper (Figure 18). The 

third set of graphs compares values for bars containing different amounts of temper 

(Figure 19). The last set of graphs compares values for quartz and mica containing 

different size ranges and amounts (Figure 21 and 22). 
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Figure 16c Variation in slope with firing temperature and temper type; 20% (hair, 1%; sisal, 5%); 417-840/xm 
(wollastonite, WFP); unfired and fired to 500, 700, 900 and 1000 °C. 
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Figure 16d Variation in maximum load with firing temperature and temper type; 20% (hair, 1%; sisal, 5%); 417-840/xm 
(wollastonite, WFP); unfired and fired to 500, 700, 900 and 1000"C. 
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DISCUSSION OF TOUGHNESS MEASUREMENTS 

The importance of stable crack growth should not be underestimated. It is 

the retention of structural integrity, not the retention of strength, that makes pottery 

useful. After crack initiation, pottery is significantly weakened, but often remains 

intact. The importance of this for traditional potteiy is seen in the archaeological 

and ethnographic examples of people mending pottery for further use after initial 

fracture (Senior i.p.). 

The energy from yield to break, UYB, may be a better indicator of the 

differences in fracture toughness than is energy to fracture, Uy, or ye[{, as the latter 

two are magnified for catastrophic and semi-stable fracture (UYB would be 

underestimated for stable fracture). The values for UYB actually exaggerate the 

differences in toughness for most comparisons of samples and are useful for the 

purposes of these tests. 

Morphology and Type 

There is a strong correlation of temper morphology with fracture mechanism. 

As discussed in the chapter on thermal shock behavior, it was expectation that their 

would be an increase in fracture toughness from round and angular to platy and 

fibrous materials. This trend is clearly depicted in Figure 18a, as mica and 

wollastonite typically show greatest values for both UY (or yeff) and UYB. 

Additionally, both mica and wollastonite fracture stably for unfired bars and bars 

fired from 500-900° C, while for the same firing range, angular tempers often fracture 
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catastrophically or semi-stably. It was expected that wollastonite would have a 

greater fracture toughness than mica because it is fibrous or rod-like rather than 

platy. The results are ambiguous when all sizes are compared, as wollastonite is 

graded differently than mica and direct comparisons are impossible. For the larger 

grades of wollastonite, however, both UY and UYB are significantly greater. Shell has 

an angular to platy morphology and would be expected to have greater toughness 

than angular materials like quartz. Bars with shell can only be compared for unfired 

and those fired at 500 "C and 700 °C due to the decomposition of shell above 750 °C 

(figures 16a-c). Shell has values of Uy and UYB that are slightly greater than those 

for quartz but much less than those for mica. 

Grog, diatomite and quartz have similar morphology; however, grog and 

diatomite have slightly lower values for Uy and UYB (figures 17a-c and 18a). The 

lower values for grog are likely due to the similar mechanical and thermal expansion 

values for the temper and matrix. Bonding between grog or diatomite temper and 

the clay matrix might be stronger than for quartz and clay due to similar thermal 

expansion and porous texture. Differences in strength between grog temper and the 

clay matrix would be expected to be low, while the difference in strength between 

quartz and the matrix would be large. Fractures do not pass through quartz grains, 

while they may pass through grog temper. Strong bonds between the matrix and 

temper would promote temper fracture (Becher 1991). Grog tempered bars fired to 

temperatures higher than 900 °C act very similarly to the untempered bars (Figure 

17e). This is expected as differences in strength between grog and matrix become 
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negligible as the firing temperature of the bar is similar or greater than the original 

firing temperature of the grog (900 °C). This effect would result in lower thermal 

shock resistance of sherd tempered pottery, which is the opposite of what Rye 

proposed (1976; 1981, 27) when he postulated sherd temper would improve thermal 

shock resistance due to its similar thermal expansion as the clay matrix. The lower 

energy values for diatomite might also be due to its strength which is lower than 

quartz. Diatomite is a friable material that does not vitrify at low temperatures 

(< 1000 °C). Diatomite and quartz bars fired to 1000 °C show larger differences in 

fracture toughness than bars fired at lower temperatures. At the higher firing 

temperature, diatomite would not be significantly stronger than the clay matrix and 

would not add to the material's toughness as it does at temperatures of 500 and 

700 ° C. Calculated values of yeff for quartz tempered samples are greater than for 

grog or diatomite tempered samples appear to be a result of the lower strength of 

these materials. High strength tempers and weak bonds between temper and matrix 

favor fracture deflection, while low strength tempers and strong bonds favor fracture 

through temper. 

Firing Temperature 

Firing temperature has limited effect on the toughness of ceramic bars 

containing organic temper and on bars fired to 1000 "C. At 1000 °C the clay matrix 

begins to vitrify (Figure 16a-d). All bars fired to this temperature fractured 

catastrophically or semi-stably, nevertheless, the UYb values for sand, quartz, mica 



116 

and wollastonite are similar for bars fired at both 900 "C and 1000 °C. Without 

accurate values for yeff it is difficult to determine the relative toughness of bars fired 

to 900 °C or 1000 "C. The organic fibers, sisal and hair, dramatically improve the 

unfired properties while having a slight toughening effect on the fired bars. The 

large value for strength for hair tempered bars fired to 900 and 1000°C, and sisal 

tempered bars fired to 900 °C should be noted. These strength values result from the 

burn-out of the organic temper and the internal reduction environment produced (the 

fluxing properties of iron increase in a reduction environment). This increase in 

strength is not unique to organic tempered pottery, as many clays used prehistorically 

and by traditional potters contain organic material and are similarly affected. Sisal 

tempered bars (5%) fired to 500 and 700 °C had similar UYB values as quartz 

tempered bar (20%) fired to the same temperature. This toughening resulted from 

the residual sisal fibers which can be seen in a photomicrograph of the fracture 

(Figure 30). 

Size 

For the size range of tempers tested, values for UYb  and Ueff increase as size 

increased (figures 19a, 20a, 21a). The values for UYB were typically three to four 

times greater for the largest grade (850-2000 Mm) than the smallest grade used (147-

246/im). For wollastonite, this value was approximately twenty-five times greater for 

the largest grade than the smallest grade. The values for Ueff, which were unreliable 

for most of the temper types due to their catastrophic or semi-stable fracture 
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behavior, were not significantly affected by temper size. However, quartz and mica 

(Figure 20a and 21a) showed a slight tendency to increase in total fracture energy 

with increase in size when compared for all size ranges. Slope and maximum load 

also show no trends with change in temper size. As expected, the values for the 

mixed size range tended to fall between those of the largest and smallest size range. 

Amount 

As the percentage of quartz, mica and wollastonite temper increases the UYB 

values increase. For grog these values remain relatively constant (Figure 19a, 20a 

and 21a). For grog and quartz tempered bars, the Ueff values increase by 

approximately 50% as temper decreases from 40% to 5%. However, the values for 

the bars containing less temper are unreliable due to catastrophic and semi-stable 

fracture. The Ueff values for mica and wollastonite-tempered bars decrease by 50% 

and 75%, respectively, when temper is reduced to 1% from 20%. The UYB values 

for the same tests indicate a significant increase as temper is increased from its 

minimum to maximum temper percentage, six times greater for quartz (5%-40%), 

twenty-eight times greater for mica (l%-20%), and five times greater for wollastonite 

(l%-20%). The maximum load decreased for grog, quartz and mica and increased 

for wollastonite with an increase in temper. The slope values are lower, as compared 

with untempered, for both mica (30% less for 20%) and quartz (30% less for 40%) 

(figures 21c and 20c). The lower slope values for 20% mica and 40% quartz are 

unexpected. Due to the large percentage of temper, a lattice-like structure of temper 
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may prevent clay from maintaining a continuous matrix during shrinkage. The flaws 

that form during shrinkage under these conditions would permit the ceramic to flex 

to a greater extent (W.D. Kingery, personal communication, fall 1992). 

SEM STUDIES 

A SEM was used to take micrographs of the fracture surfaces of untempered 

(0%), grog (20%), diatomite (20%), shell (20%), sand (20%), quartz (20%), mica 

(20%), wollastonite (20%) and sisal (5%) samples that were fired to 700 °C (figures 

22-30). 

The fracture surface of the untempered rods showed a textured surface that 

resulted from the unvitrified clay. The scale of the texture was typically less than 10 

fim (Figure 22). The fracture surface of the grog-tempered rods showed an 

undulating surface with peaks and valleys on a scale of 1000 jum (Figure 23). The 

grog particles and the surrounding clay matrix had a similar appearance and it is 

difficult to determine whether grog particles were fractured. The SEM micrograph 

of the diatomite tempered sample showed a slightly more undulating surface than the 

grog tempered fracture. However, evidence of fractured and unfractured diatomite 

was apparent (Figure 24). The diatomite particles are soft and friable and appeared 

to have fractured occasionally without deflecting cracks. The fracturing of diatomite 

may be partly responsible for the lower fracture energy found for diatomite-tempered 

samples. 

The shell particles were platy and angular and left deep voids from pull-out 
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during fracture (Figure 25a-b). No evidence of fractured shell particles was found, 

contrary to the results of Feathers and Scott (1989) in their study of shell tempered 

pottery. The near-platy morphology of the shell appears to be slightly more effective 

at deflecting cracks than round or angular temper and contributed to the slightly 

higher fracture energy found for shell as opposed to quartz or sand. 

Neither the sand or quartz tempered fractures showed evidence of fractured 

grains. The cracks passed around the grains rather than through them (Figure 26 

and 27). This is readily apparent for the sand-tempered samples due to the striking 

difference in textures between the sand and clay (Figure 27). The quartz tempered 

fracture had a rougher surface (scale larger than shown in micrograph) due to the 

effectiveness of the angular quartz grains in deflecting the direction of the 

propagating cracks. The sand tempered fracture surface was nearly planar except for 

the sand grains the voids left by pull-out of sand grains. This difference may account 

for the slightly larger fracture energy found for quartz-tempered samples. 

The mica- and wollastonite-tempered fractures had significantly rougher 

surfaces than all other samples due to the effectiveness of the platy and rod-like 

morphology in deflecting cracks. Voids and protruding particles can be seen in the 

micrographs (Figure 28a, 28b and 29). While it does not appear that mica flakes 

were fractured, there is some evidences that wollastonite rods/fibers may have 

fractured (Figure 29, large rod top-right). The energy consumed in the deflection of 

cracks and pull-out particles contributed to the higher fracture energies for these 

samples. 
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Sisal and quarts had similar toughness for bars fired to 500 and 700 'C. The 

toughness of the sisal tempered bars is a result of porosity and residual fibers that 

are present at firing temperatures up to 700 ° C (Figure 30). 

Figure 22 Fracture surface of untempered rod; 50x; fired to 700 °C. 
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Figure 23 Fracture surface of grog-tempered rod; 50x; fired to 700 °C. 

Figure 24 Fracture surface of diatomite-tempered rod; 50x; fired to 700 °C. Note 
fractured diatomite grain in bottom-left. 
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(a) 

m 

Figure 25 Fracture surface of shell-tempered rod; 50x; fired to 700 'C. No fractured 
grains apparent. Note voids from pull-out of grains (a) and angular-platy morphology 
(b). 
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Figure 26 Fracture surface of sand-tempered rod; 50x; fired to 700 "C. Note voids 
left from pull-out of sand. No fractured grains are apparent. 

Figure 27 Fracture surface of quartz-tempered rod; 50x; fired to 700 "C. 



124 

5I5KIS 

(b) 

Figure 28 Fracture surface of mica-tempered rod; 50x; fired to 700 "C. No fractured 
grains apparent. Note voids from pull-out of grains (a) and platy morphology (b). 
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Figure 29 Fracture surface of wollastonite-tempered rod; 50x; fired to 700 °C. Note 
fresh break in wollastonite fiber at upper right corner. 

Figure 30 Fracture surface of sisal-tempered bar with residual fiber; 50x; fired to 
700 °C; 5%. 
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MEASUREMENTS OF THERMAL EXPANSION 

To determine if the thermal expansion properties of the tempers affect the 

thermal expansion of the tempered clay, measurements of thermal expansion were 

made. The change in length (At) was measured as samples were heated from 500 to 

600 ° C and cooled from 600 to 5000 C. This was done for an untempered sample and 

samples tempered with 20% sand, quartz, diatomite, shell, wollastonite, mica, fused 

silica, grog and marble (146-2000/xm). This data was reported at 10 ° C intervals and 

was graphically depicted (Appendix E, Figure 31). The slope of the curve is equal 

to the coefficient of thermal expansion and was calculated at 10 °C intervals 

(Appendix E). 

The differences in the thermal expansion of tempers significantly affected the 

thermal expansion of the tempered samples. The most significant volume change 

resulted from the contraction of quartz at 573 °C. Over a 10 °C interval, this 

resulted in approximately a 0.15% volume change for quartz and sand tempered 

samples. The volume change for all other temper types was less than half of that 

than for quartz, with values ranging from .04% to .07% (fused silica and shell, 

respectively). The values for the coefficient of thermal expansion on cooling from 

550-500 °C are 12.1 (Quartz), 11.8 (Sand), 11.5 (Marble) 8.1 (Plain), 7.4 (Grog), 

7.3 (Shell), 7.0 (Mica), 6.3 (Wollastonite), 5.3 (Fused Silica) and 4.9 (Diatomite) 

(x 10"6/0 C). The thermal expansion coefficient for quartz is 23 times greater than 

that for fused silica (17 and 0.54 respectively) (Skinner 1966). The effect of these 

differences are apparent in the thermal expansion coefficients values for quartz-
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and sand-tempered samples, which are more than twice that for fused silica and 

diatomite. 

A reduction in the thermal expansion coefficient could significantly 

increase the energy available for fracture. This energy can expressed as: 

V = (a/E)(EAaAT - a) 

where: V = elastic strain energy available for fracture 
a = strength 
E = modulus of elasticity 
A = constant 
a = thermal expansion 
AT = temperature difference causing failure 

(Wiederhora 1968) 

The reduction of thermal expansion by 50% (quartz as compared with diatomite), 

at minimum, would reduce in half the energy available for fracture if all other 

parameters where held constant, even more for lower strength ceramics (EAaAT -

a > 0 for crack initiation). A reduction in thermal expansion by 30% and 5% 

(quartz as compared with shell and marble) would result in at least a comparable 

30% and 5% drop in available fracture energy. 

For typical ceramics this approach has limitations, as there were only slight 

and somewhat inconsistent differences in measured thermal expansion. Both 

marble and shell are calcite, but the thermal expansion of the marble tempered 

sample was 50% greater than that of shell. The lower value for shell may result 

from the dissimilar thermal expansion along the different crystallographic axes of 

calcite (± 30, || -4) and the preferred orientation of shell "plates" that are parallel 
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to the surface (thermal expansion was measured across a sectioned length). The 

differences between crystalline and amorphous silica appear consistent and 

significant and may help explain the use of tempers such as caraipe bark by the 

Shipibo-Conibo and other organic silicates. The thermal expansion values 

measured for diatomite and amorphous silica are near the range typical for oven 

wares (2.2-4.5 x 10"6/ ° C) (Norton 1970, 357-58) that are designed to have 

improved thermal shock resistance due to their low thermal expansion. The use 

of diatomite may not be beneficial as the lowering of available fracture energy 

would be offset by the lowering of effective fracture energy. The use of stronger 

amorphous silicates, such as caraipe and sponge spicules, would reduce the total 

stress resulting from thermal shock without a reduction in toughness. 

QUENCH TESTS 

In this test, rods containing 20% grog, sand, quartz, marble, silica glass, 

diatomite, shell, mica and wollastonite temper were quenched from progressively 

higher temperatures to room temperature water. The bars were then measured 

for residual strength on a three point bend test. These values were plotted 

against quenching temperature. 

Rods were selected as the most suitable shape for test samples. The 

likelihood of surface flaws increases with surface area and the minimum flaw size 

is increased by the edges of rectangular or square sectioned samples. These 

effects mask small differences in strength which is the reason rectangular samples 
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usually give a lower modulus of rupture than cylindrical samples (Ryan and 

Radford 1987, 205). 

Cylinders were extruded with a hand extruder using a die with a tapered 

12.7 mm opening (see Figure 32b). This type of die aligns the majority of 

particles parallel to the surface (Lawrence 1972, 106), whereas a die that consists 

of a hole cut in a disk of metal results in surface checking and preferred particle 

orientation perpendicular to the surface (Figure 32a). Rods were cut when 

slightly dry into approximately 100 mm lengths. Extruded cylinders were then 

placed in a wooden pallet with V-grooves to prevent warping. 
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Figure 32 Extrusion of cylinders with two type of dies and their effect on temper 
orientation; (a) plate die and temper orientation perpendicular to surface; (b) 
tapered die and temper orientation parallel to surface (after Lawrence 1972, 106). 

All cylinders were dried slowly in air and then oven dried at 105 ° C for 12 

hours. They were then fired to 700 °C and held at that temperature for 1 hour. 

Higher temperatures were avoided since CaC03 decomposes to CaO and C02 
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above 750 °C and both shell and marble contain CaCOa. 

Mica was pre-fired to 900 "C. This is above the temperature at which the 

breakdown of the anhydrous structure of mica occurs. When pre-firing did not 

take place the mica expanded and spalled after quenching in water which resulted 

in a loss of significant strength. Potters who work with mica tempered pottery 

commonly note this consequence (Thornbirds, personal communication, fall 1990). 

Repeated cycles of quenching give a general idea of thermal shock 

resistance and are often employed in the industry for quality control. This 

method has also been used by others investigating thermal shock characteristics of 

traditional ceramic material as well (Bronitsky 1982; Skibo et al. 1989). 

Thermal shock behavior for ceramics is typically depicted by experimentally 

determining the change in strength as a function of AT (Figure 33) and was 

chosen as the more suitable method for testing thermal shock behavior 

(Hasselman 1969; Chyung 1973; Davidge and Tappin 1967, Nakayama 1973). 

In these tests rods were heated to progressively higher temperatures in 

approximately 150"C intervals ranging from 25-640°C and then were quenched in 

room temperature water (24-31 °C). Since moisture content decreases strength, 

the thermally shocked cylinders were dried at 1050 C for 12 hours and stored in a 

desiccator until testing. The breaking load of the cylinders was determined using 

a three point bender in an Instron universal tester. In this configuration the 

upper surface of the cylinder is in compression while the lower is in tension. 

Ceramics are stronger in compression than in tension and thus break from the 
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tensile side. The modulus of rupture, MOR, can be determined using the relation 

for three point loading of a cylindrical rod: 

MOR = 8LD 
it d3 

where: L = breaking load 
D = distance between supports 
d = diameter of the rod. 

The change in breaking load as a function of AT was plotted for each of the 

temper types (Figure 34). The values of individual rods and averages can be 

found in Appendix D. 
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Figure 33 Variation in strength with increasing degree of thermal shock, (a) 
Strength is retained until a critical level of thermal shock occurs resulting in an 
instantaneous reduction in strength which is followed by a gradual loss of strength 
with increasing severity of thermal shock (typical of low thermal shock resistant 
ceramic), (b) Region of initial strength is followed by a gradual loss of strength 
(typical of thermal shock resistant ceramics), (after Hasselman 1969; Chyung 
1973; Davidge and Tappin 1967). 
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Figure 34 Variation in maximum load with change in quench temperature - 0-600 K. Rods contained 20% temper and 
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DISCUSSION OF QUENCH RESULTS 

Ceramics subjected to thermal shock typically retain their strength until a 

critical level of thermal shock occurs. These ceramics then experience an 

instantaneous reduction in strength which is followed by a gradual loss of strength 

concurrent with increasing severity of thermal shock (Figure 33). For the tempered 

ceramic rods tested, and typically for refractories, an initial strength region is 

followed by a gradual loss of strength (Figure 34). The thermal shock behavior of 

the untempered rods is the only one that resembled the first scenario. 

Overall, little significant difference in amount of strength lost during 

quenching can be seen in these results. Typically, the maximum load reported at a 

AT of 600 K was 14-17 N (newtons) less than that reported at a AT of 0 K. Rods 

tempered with amorphous silicates and calcite, both of which have lower thermal 

expansion coefficients than quartz, had a slightly higher, but not significant, loss in 

strength (17.2-16.4 N) than quartz- or sand-tempered rods (15.3 and 13.8 N). The 

only rods that lost significantly more strength were the untempered and grog-

tempered, 51.2 and 23.9 N, respectively. 

When the percentage of strength that was lost is compared, there are 

meaningful trends that fit expectations. Starting from the greatest, the percentages 

of strength lost are 86.2 (untempered); 69.1 (grog); 58.7 (sand); 58.0 (quartz); 54.8 

(marble); 53.9 (diatomite); 45.0 (shell); 42.8 (fused silica); 25.6 (wollastonite); 22.6 

(mica). Fibrous and platy materials lose the least amount of strength (25.6% and 

22.6% for wollastonite and mica, respectively) while angular and round material lose 



135 

more, as was expected. Shell, which is angular to platy, lost 45.0 % - falling between 

the typical values for platy/fibrous and angular tempers. Materials with lower 

thermal expansion were slightly more thermal shock resistant than those with greater 

thermal expansion. Amorphous silicates (diatomite and fused silica) lost less of their 

percentage of strength (53.9% and 42.8%, respectively) than crystalline silica (58.7% 

and 58.0% for sand and quartz, respectively), calcite was between amorphous and 

crystalline silica (54.8% for marble). Wollastonite, fused silica- and shell-tempered 

rods were the strongest before thermal shock testing but retained more of their 

original strength than other temper types (mica excluded). This is notable as strong 

ceramics typically lose more strength than weak ceramics during thermal shock. 

Thus, the actual thermal shock resistance of wollastonite, shell and mica tempered 

rods is greater than the percentage loss of strength indicates. The untempered rods 

lost the largest percentage of strength, followed by grog temper (86.2% and 69.1%, 

respectively), as was expected. 

At 573 ° C there is an almost instantaneous 2% volume change in quartz due 

to the beta/alpha quartz inversion. It has been expected by others that this volume 

change would result in a loss of strength for pottery tempered with quartz (Rye 1976; 

Shepard 1965, 29). As demonstrated in this work, there was a slightly greater loss 

in strength for rods tempered with crystalline compared to amorphous silica over this 

temperature range (quartz and sand lost an average of 25% of the original strength 

from 450 and 600 "C quench, diatomite and fused silica lost an average of 17.5%). 

It was unexpected that there would be such large differences in the strengths 
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of the different tempered bars. Maximum load results for the toughness tests show 

similar strengths for grog, diatomite, sand and quartz, and slightly higher strengths 

for untempered, mica and wollastonite. The difference in the maximum load values 

from the toughness measurements and quench test measurements may be explained 

by the different methods used in manufacturing the rods and bars. Since the bars 

used in the toughness measurements were notched, they had a predetermined and 

consistent flaw. Since the ultimate strength of brittle materials is dependent on the 

largest flaw, maximum load values should be expected to be consistent for notched 

bar samples. The rods, however, were not notched. Different tempering materials 

induce different distributions of surface flaws. This resulted in the strength of the 

unnotched samples being more sensitive to temper type then notched samples. The 

untempered bars had few observable flaws and had a resulting higher strength. Due 

to the fibrous nature of wollastonite and the parallel alignment with rod length, most 

flaws ran parallel to the rod length rather than perpendicular. Perpendicular flaws 

are more likely to reduce strength. Differences in surface flaws are likely be the 

main factor contributing to the unexpected differences in the maximum load values 

of the different temper types. 

RESULTS AND DISCUSSION OF EXPERIMENTAL WORK 

In the previous sections, an attempt was made to qualify and test the 

expectations for the different parameters influencing the thermal shock resistance of 

traditional pottery. The tempers selected were chosen to represent the range of 
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materials available to traditional potters. Asbestos, caraipe bark and silica sponge 

spicules were difficult to acquire in sufficient quantities, so materials with similar 

properties were used (diatomite, fused silica and wollastonite). 

The measurements of fracture energy yielded few surprises. Toughness 

increased with amount and size range of temper additions. Platy and fibrous (mica 

and wollastonite) tempers significantly improved toughness as compared to angular 

materials. Angular and angular-platy (sand and shell) were slightly tougher than 

round materials (sand). The significant impact of morphology on toughness would 

to be lessened in practice because morphology also influences workability. Less platy 

and fibrous than angular and round tempers can be added to clay while still retaining 

equivalent workability. Mica and wollastonite samples retained or increased in 

strength when temper additions were increased, while other samples experienced 

reduced strength. The relative strength of the matrix and temper and its dependence 

on temperature has a minor effect on toughness. These differences in fracture 

energy were reflected in the fracture surfaces illustrated by the SEM micrographs. 

The variation in thermal expansion was larger than expected. Evidence of the 

beta/alpha quartz inversion were clearly depicted for samples containing quartz 

temper. The thermal expansion values for most temper types exhibited slight, 

somewhat inconsistent differences. A comparison of samples tempered with 

crystalline and amorphous silica demonstrated significant differences in thermal 

expansion. 

While great variation in the thermal shock resistance was not measured in the 
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quench test, there was meaningful variation resulting from differences in the thermal 

expansion and morphology of the temper types tested. These differences were less 

than expected. Either the differences in toughness and thermal expansion were not 

as important to the actual thermal shock resistance as had been anticipated, or the 

quench tests were not sensitive enough to demonstrate these differences. I would 

speculate that both reasons are factors in the lack of substantial variation. The 

quench test method used could be improved to generate more explicit results. 

However, these differences may never be great, because the most effective means of 

improving thermal shock resistance is the addition of tempering material, regardless 

of its morphology or thermal expansion. This is highlighted in the marked 

differences between the quench plots of the untempered and tempered rods. 

FUTURE WORK 

While load-displacement curves may be useful in qualitatively describing 

fracture behavior, accurate KIC values are preferred for comparing the fracture 

behavior and toughness of the range of ceramics found archaeologically and 

ethnographically. Future work in the examination of tempering materials and their 

effect on thermal shock resistance will concentrate on the measurement of accurate 

KjC values. Hughan and others (Hughan and Edwards 1992; Hughan and Swain 

1992, 1992a) have recently demonstrated a number of techniques that are effective 

for measuring KIC for weak porous ceramics. The most promising may be the 

method using retained strength after indentation (ISB) (Chantikul et al. 1981). 
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Fracture toughness is given as: 

KIC = 0.59(E/H)1/8(aP1/3)3/4 

where: 
E = modulus of elasticity 
H = hardness 
a = residual strength 
P = peak contact load 

(Hughan and Edwards 1992; Chantikul et al. 1981) 

The residual strength and peak contact load are determined on samples that have 

been previously indented. Approximate values for E/H are desirable but were found 

to be relatively constant by both Hughan and Edwards (1992) and Chantikul and 

others (1991) for fired ceramics. This test can be used on a number of sample 

configurations including bars and disks. 

The ISB test method has promise for measuring toughness of archaeological 

samples for a number of reasons. First the estimations of crack length are not 

needed for the calculation of KiC values. Measurements of crack length are typically 

used in calculation of Klc values and are problematic for porous and coarsely 

tempered ceramics. And second, the sample geometry constraints can be met for 

sherd samples, as has been demonstrated by previous indentation tests (Simon and 

Coghlan 1989) and strength tests (Edwards 1991, Neupert n.d.). 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The thermal shock behaviors that are relevant to traditional ceramics and 

temper has been identified in this study. Since fracture initiation is inevitable in 

unverified ceramics, crack propagation needs to be minimized if thermal shock 

resistance is to be increased. The most effective method the traditional potter could 

use to minimize crack propagation is to increase the effective fracture surface energy, 

or toughness, by maximizing the amount and size range of temper additions. Since 

the amount and size of temper that can be added to pottery clay is limited, use of 

platy, rod-like and fibrous materials is a practical technique in maximizing the 

effective fracture surface energy if these materials are available. There are 

additional parameters that affect the thermal shock resistance of traditional pottery 

that have not been addressed in this work, and include surface finish (see Schiffer et 

al. n.d.), forming methods and shape (see Amberg and Hartsook 1946). 

Fracture energy values increased as the percentage and size range of temper 

increased. This simple and effective manner in making thermal shock resistant 

pottery is evident in the divisions of coarse and fine wares found in ethnographic and 

archaeological pottery. The most common tempering material for cooking pottery 

may be quartz sand. This round material with a high thermal expansion sufficiently 

improves the thermal shock resistance when added in adequate amounts and coarse 
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enough grades. 

Platy and fibrous temper samples had significantly higher fracture energy 

values than angular tempered samples, and angular tempered samples had slightly 

higher values than round tempered samples. This strategy of obtaining excellent 

thermal shock resistant properties is demonstrated in the manufacture of mica 

pottery in Guatemala, Algeria and the Rio Grande region, the asbestos pottery of 

Scandinavia and Uganda, and the shell tempered pottery of the Mississippi Valley 

and Alabama (Feathers and Scott 1989, Steponaitis 1984). 

Low values of thermal expansion for tempers reduce the likelihood of crack 

initiation and reduce the energy available for crack propagation. Amorphous silicates 

were found to significantly reduce the thermal expansion of samples tempered with 

these materials. Tempering materials such as caraipe bark ash, sponge spicules and 

diatomite are silicates of organic origin which are amorphous or near-amorphous. 

Pottery containing significant amounts (20 vol %) of these materials are expected to 

be more thermal shock resistant due to this effect. Additionally, sponge spicules 

have a rod-like morphology and caraipe silicates have elongated particles mixed with 

fine platelets and rods. The effect of the morphology of these silicates may be more 

significant than their thermal expansion properties in determining thermal shock 

resistance. Despite the beneficial nature of these properties, the major factor 

effecting the choice of these atypical materials appears to be the lack of other 

suitable materials. 

Thermal shock resistance is also enhanced with an increase in porosity which 
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acts to dissipate stress at the tip of a propagating crack. While effects of porosity 

were not directly tested, organic fibers, such as sisal, increase porosity as they burn 

out. Samples tempered with 5% sisal fiber had similar values for fracture energy as 

20% quartz at firing temperatures of 500 and 700 °C. Residual fibers and porosity 

are both likely to be components of these relatively high values of fracture energy. 

The sherd of Orange Plain ware, which was fiber tempered and contained sponge 

spicules, may represent a pottery type that was sufficiently thermal shock resistant 

due to residual fibers, significant porosity and low strength. 

Grog or sherd temper had only a slight effect in improving fracture energy and 

thermal shock resistance. Similar results were found for diatomite. This may be an 

effect of the similarity in strength values for temper and clay matrix, resulting in 

ineffective deflection of cracks and fracture through temper grains. Similar thermal 

expansion characteristics for grog and matrix are expected to discourage flaws and 

quasi-static crack growth during thermal shocking. Despite these properties that 

appear detrimental to thermal shock resistance, grog is often found in cooking 

pottery (Rye 1976:116). 

Thermal shock resistance is not always optimized through the selection of the 

best materials available. In fact, it may be rare that available temper resources are 

optimized. The use of mica and asbestos, each of which significantly improves 

fracture toughness and thermal shock resistance, is an oddity rather than a trend. 

While sand, which is one of the least effective materials (sherd excepted) for 

improving fracture toughness, is a typical choice. 
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There are other factors that affect temper choice. Workability is a common 

reason cited by studio potters (questionnaire, 1991 NCECA Conference). Temper 

additions affect plasticity in dissimilar manners. For clays that are too plastic, it may 

be beneficial to add organic or inorganic fibrous tempers. For clays that are low in 

plasticity, it may be beneficial to use grog temper, which may reduce plasticity less 

than quartz and sand temper. While platy and fibrous tempers reduce plasticity more 

than round and angular ones, they also improve wet and dry strength (along with 

fired toughness). The composition of tempers may also affect workability. Burnt 

shell provides calcium ions which cause flocculation, thus improving workability 

(Stimmell, Heimann and Hancock 1982). 

Accessibility of tempering materials also has a profound influence on tempers 

that are selected. Approximately 50% of the temper sources cited by Arnold (1985) 

were procured within 1 km, and 97% within 10km of the potters workplace. 

The influence of cultural factors on the selection of tempers should not be 

underestimated. The absence of a function-based or convenience-based 

determination of temper types is highlighted by Hohokam temper utilization. The 

Hohokam used a variety of tempers (often sand) for their utiiitarian wares, whereas 

they used predominately mica in the decorated wares. The social factors are difficult 

or impossible to separate from the physical properties of temper. The use of mica 

slip by the present inhabitants of the Rio Grande region is an attempt to mimic the 

micaceous pottery of the region, and may have been so for the mica-slipped ware of 

the past as well. Mica slip may also be used for its visual appearance or an unknown 
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physical characteristic. The schist-tempered pottery of the Hohokam is expected to 

be more thermal shock resistant due to the toughening effect of the mica content. 

However, to conclude that improved thermal shock resistance was a dominant factor 

influencing the use of this labor intensive material would be a mistake. 

The manufacture of cooking pots is an obvious example of technology and 

function in the manufacture of traditional ceramics. If a vessel is to be used over a 

fire it must be reasonably thermal shock resistant. To make a thermal shock 

resistant vessel, temper is added or is present in sufficient amount and size. To make 

a more thermal shock resistant cooking pot, platy and fibrous tempers should be 

selected. 

The above logic is typically followed until it comes to temper choice. Clearly, 

there are other reasons that affect temper selection. The manner that the temper 

affects workability, dry strength, wet strength and fired strength are a few technical 

factors that may effect the choice of tempers. Decorative, symbolic and tradition are 

a few of the cultural factors. While the technological criteria may be an important 

component of temper selection, the cultural criteria is of equal or greater 

importance. The most common criteria may be availability. 

The scope of this work was to identify the physical influences of temper on 

thermal shock resistance, but thermal shock resistance is not the only influence that 

affects temper selection in cooking pottery. The ability to measure, quantify and plot 

physical properties of tempers is seductive and may blind us to actual intentions of 

the potters using these materials. Interpretation of the use of tempering materials 
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based on physical properties is straightforward and can be effective, but without 

tempering these interpretations with ethnographic and archaeological insight, they are 

misguided. Since the selection of temper for cooking pot manufacture may be the 

most conspicuous example of decision-making that is strongly based on the functional 

constraints of material properties, this paper should serve as an illustration of the 

difficulty of inferring the intent of the pottery manufacturing based on the measured 

or presumed physical properties. 
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APPENDIX A 

Cedar Heights Clay - Redart 

Screen Analyses 

MESH IND% CUM% 

100 trace trace 

140 6.5 6.5 

200 7.5 14.0 

PAN 86.0 100 

CONE TOTAL SHRINKAGE 
(%) 

ABSORPTION (%) 

05 9.36 17.24 

01 12.90 9.93 

1 13.79 3.94 

3 14.67 1.12 

Chemical Analysis: 
% 

Silica (Si02) 64.27 
Alumina (A1203) 16.41 
Iron Oxide (Fe203) 7.04 
Titania (Ti02) 1.06 
Magnesia (MgO) 1.55 
Calcium Oxide (CaO) 0.23 
Sodium Oxide (NajO) 0.40 
Potassium Oxide (K20) 4.07 

Loss on Ignition 4.92% 



Crystalline Phases Identified by X-Ray Diffraction 

Si02 - Quartz major 
Mite type clay faint 
Kaolinite faint 
Un-identified phase faint 

Information courtesy of Cedar Heights Clay, Oak Hill, Ohio. 



APPENDIX B 

Wollastonite - NYCO 
Typical Particle Size Distribution 

MESH 
SIZE 

% PASSING MESH 
SIZE 

WFP WG W200 

10 100 - -

20 84 - -

40 38 - -

60 12 - -

100 2 98 -

200 - 75-90 97 

aspect 
ratio 

20-1 20-1 7-1 

Information courtesy of NYCO, Willsboro, NY. 
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APPENDIX C 
TABULATED FRACTURE ENERGY DATA FOR INDIVIDUAL SAMPLES 

UNFIRED 

Unfired 1 
Temper 
% by volume 

# 
Lmux 
(N) 

UY 

(mJ) (mJ) 
UYB 
(mJ) 

Slope 
(N/mm) 

Yerr | 
(J/m2) 

Untemperd i 39.3 3.2 3.3 0.1 261 Untemperd 
2 34.4 2.1 2.2 0.1 310 

Untemperd 

avg 36.9 2.7 2.8 0.1 286 9 

Grog 
20% 
417-840^111 

1 32.8 2.3 2.6 0.3 271 Grog 
20% 
417-840^111 

2 32.0 2.4 2.6 0.2 264 
Grog 
20% 
417-840^111 avg 32.4 2.4 2.6 0.3 268 8 

Diatomite 
20% 
417-840/xm 

1 32.1 2.9 3.2 0.3 193 Diatomite 
20% 
417-840/xm 

2 29.3 2.4 3.0 0.6 185 
Diatomite 
20% 
417-840/xm avg 30.7 2.7 3.1 0.5 189 10 

Shell 
20% 
417-840/im 

1 30.1 4.1 5.2 1.1 239 Shell 
20% 
417-840/im 

2 41.5 5.0 5.5 0.5 155 
Shell 
20% 
417-840/im avg 40.3 4.6 5.4 0.8 197 17 

Quartz 
20% 
417-840/itm 

1 39.6 4.4 4.6 0.2 219 Quartz 
20% 
417-840/itm 

2 36.0 3.5 3.7 0.2 261 
Quartz 
20% 
417-840/itm avg 37.8 4.0 4.2 0.2 240 14 

Mica 
20% 
417-840/Ltm 

1 56.6 9.4 14.8 5.4 208 Mica 
20% 
417-840/Ltm 

2 52.4 6.9 12.0 5.1 229 
Mica 
20% 
417-840/Ltm avg 54.5 8.2 13.4 5.3 219 43 

Wollastonite 
20% 
WG 

1 62.0 12.1 16.0 
5.3 

173 Wollastonite 
20% 
WG 

2 59.6 $.3 15.8 6.5 250 
Wollastonite 
20% 
WG avg 60.9 10.7 15.9 5.2 212 51 

Hair 
1% 

1 86.3 108.2 231.C 122.8 136 Hair 
1% 2 75.8 72.2 197.1 124.9 253 
Hair 
1% 

avg 81.1 90.2 214.1 123.9 195 691 

Sisal 
5% 

1 118.0 110.8 359.8 2m 151 Sisal 
5% 0.0 

Sisal 
5% 

avg 116.0 110.8 350.8 240.0 151 1,161 



FIRED TO 500°C 

500°C 
Temper 
% by volume 

# ^Max 
(N) 

UY 

(mJ) 

uY 

(mJ) 

i
t
 

Slope 
(N/mm) 

Yeff 
(J/m2) 

Untemperd 1 48.1 6.6 6.6 0.0 167 
2 54.0 5.7 5.7 0.0 292 

avg 51.1 6.2 6.2 0.0 230 20 

Grog 1 45.3 4.6 4.6 0.0 231 
20% 2 48.1 4.1 4.2 0.1 293 
417-840mhi avg 46.7 4.4 4.4 0.1 262 14 

Diatomite 1 33.1 2.4 3.0 0.6 257 
20% 2 37.3 3.4 3.8 0.4 208 
417-840/nm avg 35.2 2.0 3.4 0.5 233 11 

Shell 1 44.6 3.8 5.4 1.6 250 
20% 2 43.0 5.3 7.3 2.0 204 
417-840/xm avg 43.8 4.6 6.4 1.8 227 21 

Quartz 1 38.0 2.5 3.5 1.0 301 
20% 2 31.7 3.3 4.4 l.i 105 
417-840/xm avg 34.0 2.0 4.0 1.1 248 13 

Mica 1 61.3 18.3 24.7 6.4 117 
20% 2 58.4 16.0 21.7 5.7 102 
417-840/xm avg 59.9 17.2 23.2 6.1 110 75 

Wollastonite 1 82.4 12.8 21.3 8.5 311 
20% 2 90.6 13.9 20.7 6.8 317 
WG avg 86.5 13.4 21.0 7.7 314 68 

Hair 1 44.8 5.5 5.5 0.0 284 
1% 2 49.0 4.1 4.2 0.1 359 

avg 46.0 4.8 4.0 0.1 322 16 

Sisal 1 36.3 5.6 6.6 1.0 127 
5% 2 37.1 7.8 8.6 0.8 153 

avg 36.7 6.7 7.6 0.9 140 25 



FIRED TO 700°C 

700 °C 
Temper 
% by volume 

# ^-Max 
(N) 

UY 

(mJ) 
u¥ 

(mJ) 
UYB 
(mJ) 

Slope 
(N/mm) 

Yeff 
(J/m2) 

Untemperd 1 46.5 4.3 4.4 0.1 298 Untemperd 
2 47.3 4.8 4.9 0.1 292 

Untemperd 

avg 46.9 4.6 4.7 0.1 295 15 
Grog 
20% 
417-840/im 

1 36.9 3.1 3.6 0.5 255 Grog 
20% 
417-840/im 

2 39.4 3.4 3.6 0.2 265 
Grog 
20% 
417-840/im avg 38.2 3.3 3.6 0.4 260 12 

Diatomite 
20% 
417-840/im 

1 31.2 2.4 3.1 0.7 245 Diatomite 
20% 
417-840/im 

2 31.3 2.5 3.7 1.2 2l6 
Diatomite 
20% 
417-840/im avg 31.3 2.5 3.4 1.0 231 11 

Shell 
20% 
417-840/im 

1 50.8 5.3 8.0 2.7 262 Shell 
20% 
417-840/im 

2 49.5 4.8 6.7 1.9 277 
Shell 
20% 
417-840/im avg 50.2 5.1 7.4 2.3 270 24 

Quartz 
20% 
417-840/im 

1 26.3 3.3 4.7 1.4 155 Quartz 
20% 
417-840/im 

2 29.5 3.1 5.1 2.0 140 
Quartz 
20% 
417-840/im avg 27.9 3.2 4.9 1.7 148 16 

Mica 
20% 
417-840/im 

1 74.9 19.3 21.1 1.8 196 Mica 
20% 
417-840/im 

2 63.3 13.1 21.3 8.2 165 
Mica 
20% 
417-840/im avg 69.1 16.2 21.2 5.0 181 68 

Wollastonite 
20% 
WG 

1 96.1 17.4 31.6 14.2 339 Wollastonite 
20% 
WG 

2 72.4 14.0 19.3 5.3 174 
Wollastonite 
20% 
WG avg 84.3 15.7 25.5 9.8 257 82 

Hair 
1% 

1 54.8 8.0 8.0 0.0 202 Hair 
1% 2 52.5 7.3 7.3 0.0 253 
Hair 
1% 

avg 53.7 7.1 7.7 0.O 228 25 

Sisal 
5% 

1 39.3 5.0 6.1 1.1 227 Sisal 
5% 2 34.8 6.1 8.2 2.1 136 
Sisal 
5% 

avg 37.1 5.6 7.2 1.6 182 23 



FIRED TO 900°C 

900°C 
Temper 
% by volume 

# ^Max 
(N) 

UY 

(mJ) 
UY 

(mJ) 

n
 

Slope 
(N/mm) 

Yeff 
(J/®2) 

Untemperd 1 96.9 16.6 16.7 0.1 389 
2 80.9 11.5 11.7 0.2 333 
3 81.8 9.6 9.6 0.0 391 

avg 86.5 12.6 12.7 0.1 371 41 

Grog 1 64.2 4.8 5.3 0.5 470 
20% 2 61.1 7.5 7.8 0.3 258 
417-840/im avg 62.7 6.2 6.6 0.4 364 21 

Diatomite 1 68.5 8.1 8.6 0.5 332 
20% 0.0 
417-840/im avg 68.5 8.1 8.6 0.5 332 28 

Sand 1 59.9 7.2 8.3 1.1 304 
20% 2 60.6 8.3 10.0 1.7 267 
417-840/im avg 60.3 7.8 9.2 1.4 286 30 

Quartz 1 64.8 5.6 8.6 3.0 409 
20% 2 71.6 6.4 10.4 3.5 425 
417-840/im avg 68.2 6.3 9.5 3.3 417 31 

Mica 1 78.4 9.3 24.2 14.9 358 
20% 2 101.7 19.0 31.7 11.8 350 
417-840/im avg 90.1 14.6 28.0 13.4 354 90 

Wollastonite 1 162.3 33.8 79.1 45.3 496 
20% 2 117.5 24.9 41.8 16.9 329 
WFP avg 139.9 29.4 60.5 31.1 413 195 

Hair 1 304.7 93.3 93.6 0.3 628 
1% 2 292.7 91.2 92.1 0.9 590 

avg 298.7 92.3 92.9 0.6 609 300 

Sisal 1 188.2 45.5 45.9 0.4 528 
5% 2 160.1 36.3 36.8 0.5 462 

avg 174.2 40.9 41.4 0.5 495 134 

Kaowool 1 181.5 70.7 83.1 12.4 418 
5% 2 185.7 53.1 63.9 10.8 387 

avg 183.6 61.9 73.5 11.6 403 237 



FIRED TO 1000° 

1000-C 
Temper 
% by volume 

# Lmhx 
(N) 

Uy 
(mJ) 

uv 

(mJ) 
UYB 
(mJ) 

Slope 
fN/mml 

Yen 
(J/m2) 

Untemperd 1 169.5 32.5 32.7 0.2 621 
2 231.1 64.9 65.4 0.5 557 

avg 210.3 48.7 49.1 0.4 589 158 
Grog 1 244.6 50.7 50.9 0.2 854 
20% 2 252.1 55.1 55.5 0.4 726 
417-840/im avg 248.4 52.9 53.2 0.3 790 172 

Diatomite 1 154.2 26.3 27.0 0.7 577 
20% 2 184.3 34.1 34.6 0.5 587 
417-840/im avg 169.3 30.2 30.8 0.6 582 99 

Sand 1 118.6 12.7 15.6 2.9 624 
20% 2 148.2 24.1 24.5 0.4 629 
417-840jum avg 133.4 18.4 20.1 1.7 627 65 
Quartz 1 149.2 20.5 25.7 5.2 614 
20% 2 146.7 21.8 24.9 3.1 611 
417-840/im avg 148.0 21.2 25.3 4.2 613 82 

Mica 1 213.8 64.4 90.2 25.8 435 
20% 2 190.3 53.9 61.3 7.4 383 
417-840/im avg 202.1 59.2 75.8 16.6 409 245 

Wollastonite 1 312.2 89.7 109.6 19.9 562.5 
20% 2 329.5 99.2 102.1 2.9 595 
WG avg 320.9 94.5 105.9 11.4 579 342 

Hair 1 378.8 151.3 152.8 0.0 627 
1% 2 384.7 175.0 176.3 0.0 548 

avg 53.7 7.7 7.7 0.0 228 25 

Sisal 1 169.3 42.6 43.7 1.1 493 
5% 2 238.0 58.2 58.4 0.2 625 

avg 203.7 50.4 51.1 0.7 559 165 



BY SIZE 

900 °C 
Temper 
20% by 
volume 

# ^Max 
(N) 

UY 
(mJ) 

uv 
(mJ) 

IS Slope 
(N/mm) 

Yeff 
(J/m2) 

Untempered 1 106.2 17.3 17.4 0.1 426 
2 113.6 16.9 17.4 0.5 471 

avg 109.9 17.1 17.4 0.3 449 56 

Grog 1 57.5 6.7 7.5 0.8 278 
850-2000Mm 2 56.4 5.5 6.9 1.4 323 

avg 57.0 6.1 7.2 1.1 301 23 

Grog 1 64.3 4.8 5.3 0.5 470 
417-850/im 2 6l.l 7.5 7.8 0.3 258 

avg 62.7 6.2 6.6 0.4 364 21 

Grog 1 92.1 10.3 10.4 0.1 488 
246-417/xm 2 109.2 13.2 13.3 0.1 489 

avg 100.7 11.8 11.9 0.1 489 38 

Grog 1 89.0 14.9 15.3 0.4 368 
146-246/im 2 00

 
VO

 

7.1 7.3 0.2 459 

avg 84.0 11.0 11.3 0.3 414 36 

Grog 1 73.4 7.1 7.2 0.1 357 
146-2000Atm 2 67.3 7.7 8.4 0.7 352 

avg 70.4 7.4 7.8 0.4 355 25 

Diatomite 1 88.5 12.1 18.7 6.6 371 
850-2000/xm 2 69.5 7.1 9.2 2.1 362 

avg 79.0 9.6 14.0 4.4 367 45 

Diatomite 1 Oi
 

OO
 

i/i
 

8.1 8.6 0.5 332 
417-850/im 0.0 

avg 68.5 8.1 8.6 0.5 332 28 

Diatomite 1 68.4 9.0 9.9 0.9 299 
246-417/xm 2 63.1 7.2 7.6 0.4 289 

avg 65.8 8.1 8.8 0.7 294 28 

Diatomite 1 66.5 5.4 6.5 1.1 469 
146-2000/zm 2 62.8 6.3 7.9 1.6 354 

avg 64.7 5.9 7.2 1.4 412 23 



BY SIZE - continued 

m°c 
Temper 
20% by 
volume 

# ^Max 
(N) 

Uy 
(mJ) (ml) If

 

Slope 
(N/mm) 

Yeff 
(J/m2) 

Sand 1 65.4 6.2 8.5 2.1 390 
850-2000/xm 2 71.1 7.7 12.2 4.5 349 

avg 68.3 7.0 10.3 3.3 370 33 
Sand 1 59.9 7.2 8.3 1.1 304 
417-850/xm 2 60.6 8.3 10.0 1.7 267 

avg 60.3 7.8 9.2 1.4 286 30 

Sand 1 62.0 8.7 9.2 0.5 281 
246-417/im 2 69.5 8.5 $.1 0.8 319 

avg 66.2 8.5 9.2 0.7 300 30 

Sand 1 62.8 7.6 8.5 0.9 278 
146-246/im 2 69.0 5.8 6.9 1.1 450 

65.9 6.7 7.7 1.0 364 25 

Sand 73.0 5.6 6.9 1.3 524 
146-2000/itm 87.1 1.1 9.6 1.9 539 

avg 80.1 6.7 8.5 1.6 532 27 
Quartz 1 53.9 5.6 8.4 2.8 318 
850-2000/Ltm 2 71.3 1.1 14.3 6.6 362 

avg 62.6 6.7 11.4 4.7 340 37 
Quartz 1 64.8 5.6 8.6 3.0 409 
417-850/xm 2 71.6 6.9 10.4 3.5 425 

avg 68.2 6.3 9.5 3.3 417 31 

Quartz 1 59.0 6.0 8.7 2.7 340 
246-417/im 2 75.5 $.6 12.4 2.8 310 

avg 66.2 7.8 10.6 2.8 525 34 

Quartz 1 56.4 4.0 5.4 1.4 458 
146-246/im 2 67.8 8.1 9.0 0.9 309 

avg 62.1 6.1 7.2 1.2 384 23 

Quartz 1 52.3 4.5 7.0 2.5 336 
146-2000/im 2 89.0 10.5 13.8 3.3 418 

avg 70.7 7.5 10.4 2.9 377 34 



BY SIZE - continued 

DOO°C 
Temper 
20% by 
volume 

# Ux 
(N) 

UY 

(ml) (mJ) 

II 

Slope 
(N/mm) 

Yeff 
(J/m2) 

Mica 
850-2000/im 

1 
JL. 102.3 23.0 47.2 24.2 287 Mica 

850-2000/im 2 80.6 19.8 54.2 34.4 216 
Mica 
850-2000/im 

avg 91.5 21.4 50.7 29.3 252 164 
Mica 
417-850)Lim 

1 78.4 9.3 24.2 14.9 358 Mica 
417-850)Lim 2 101.7 20.0 31.7 11.7 350 
Mica 
417-850)Lim 

avg 00.1 14.7 28.0 13.3 354 90 
Mica 
246-417/xm 

1 118.3 28.8 40.5 11.7 314 Mica 
246-417/xm 2 113.1 27.4 36.1 8.7 282 
Mica 
246-417/xm 

avg 115.7 28.1 38.3 10.2 298 124 
Mica 
146-2000/im 

1 108.3 36.2 60.5 24.3 201 Mica 
146-2000/im 2 103.7 26.6 37.1 10.5 223 
Mica 
146-2000/im 

avg 106.0 31.4 48.8 17.4 212 157 
Wollastonite 
WFP 

1 162.3 33.8 79.1 45.3 496 Wollastonite 
WFP 2 117.5 24.9 41.8 16.0 329 
Wollastonite 
WFP 

avg 130.0 29.4 60.5 3l.l 413 195 
Wollastonite 
WG 

1 166.8 69.5 81.8 12.3 433 Wollastonite 
WG 2 165.2 67.2 73.0 6.7 350 
Wollastonite 
WG 

avg 166.0 68.4 77.9 9.5 392 251 
Wollastonite 
W200 

1 96.4 12.2 13.5 1.3 421 Wollastonite 
W200 2 67.4 6.4 7.5 1.1 421 

avg 81.9 9.3 10.5 1.2 421 34 



BY AMOUNT 

900 °C 
Temper 
417-850/im 
% by volume 

# ^Ma* 
(N) 

UY 

(mJ) (mJ) 

If 

Slope 
(N/mm) 

Ye* 
(mJ/m2) 

Untempered 1 106.2 17.3 17.4 0.1 426 Untempered 
2 113.6 16.9 17.4 0.5 471 

Untempered 

avg 109.9 17.1 17.4 0.3 449 56 
Grog 
5% 

1 112.1 12.0 12.3 0.3 548 Grog 
5% 2 98.0 14.3 14.6 0.3 347 
Grog 
5% 

avg 105.1 13.2 13.5 0.3 448 44 
Grog 
20% 

1 64.5 4.8 5.3 0.5 470 Grog 
20% 2 61.1 7.5 7.8 0.3 258 
Grog 
20% 

avg 62.7 6.2 6.6 0.4 364 21 
Grog 
40% 

1 49.5 3.4 3.7 0.3 412 Grog 
40% 2 50.1 3.6 4.0 0.4 380 
Grog 
40% 

avg 49.8 3.5 3.9 0.4 396 13 
Quartz 
5% 

1 90.4 13.2 13.6 0.4 381 Quartz 
5% 2 96.9 9.4 10.3 0.0 561 
Quartz 
5% 

avg 93.7 11.3 12.0 0.7 471 39 
Quartz 
20% 

1 64.8 5.6 8.6 3.0 409 Quartz 
20% 2 71.6 6.9 10.4 3.5 425 
Quartz 
20% 

avg 68.2 6.3 9.5 3.3 417 31 
Quartz 
40% 

1 32.8 3.1 8.5 5.4 205 Quartz 
40% 2 30.6 3.0 7.6 4.6 197 
Quartz 
40% 

avg 31.7 3.1 8.1 5.0 201 26 



BY AMOUNT - continued 

m°c  
Temper 
417-850/xm 
% by volume 

# ^Max 
(N) 

UY 

(mJ) 

uv 

(mJ) 
UVB 
(mJ) 

Slope 
(N/mm) 

Yett 
(mJ/m2) 

Mica 
1% 

1 105.8 14.5 14.8 0.3 480 Mica 
1% 2 118.8 13.6 14.3 0.7 567 
Mica 
1% 

avg 112.3 14.1 14.6 0.5 524 47 
Mica 
5% 

1 89.8 19.3 22.0 3.6 220 Mica 
5% 2 103.7 31.3 35.4 4.1 180 
Mica 
5% 

avg 06.8 25.3 20.2 3.9 205 94 
Mica 
20% 

1 78.4 9.3 24.2 14.9 358 Mica 
20% 2 101.7 20.0 31.7 11.7 350 
Mica 
20% 

avg 90.1 14.7 28.0 13.3 354 90 
Wollastonite 
1% 
WFP 

1 64.8 7.8 14.3 6.5 383 Wollastonite 
1% 
WFP 

Wollastonite 
1% 
WFP avg 64.8 7.8 14.3 6.5 383 46 
WollastonLe 
5% 
WFP 

i 115.2 19.6 22.5 2.9 445 WollastonLe 
5% 
WFP 

2 56.6 0.6 18.8 0.2 217 
WollastonLe 
5% 
WFP avg 85.0 14.6 20.7 6.1 331 67 
Wollastonite 
20% 
WFP 

1 162.3 33.8 70.1 45.3 406 Wollastonite 
20% 
WFP 

2 117.5 24.9 41.8 16.0 329 
Wollastonite 
20% 
WFP avg 139.9 29.4 60.5 31.1 413 195 



QUARTZ 

900°C # ^Max UY uY UYB Slope Yeff 
Quartz (N) (mJ) (mJ) (mJ) (N/mm) (J/m2) 

% by volume 
Untempered 1 106.2 17.3 17.4 0.1 426 Untempered 

2 113.6 16.9 17.4 0.5 471 
Untempered 

avg 109.9 17.1 17.4 0.3 449 56 
Quartz 
850-2000/im 
5% 

1 87.1 14.2 16.2 2.0 323 Quartz 
850-2000/im 
5% 

2 101.3 23.1 23.3 0.2 336 
Quartz 
850-2000/im 
5% avg 94.2 18.7 19.8 1.1 330 64 
Quartz 
417-850/im 

1 00.4 13.2 13.6 0.4 381 Quartz 
417-850/im 2 96.9 9.4 10.3 0.9 561 
5% avg 93.7 11.3 12.0 0.7 471 39 
Quartz 
246-417/im 
5% 

1 81.9 9.0 9.7 0.7 308 Quartz 
246-417/im 
5% 

2 74.1 12.3 12.4 0.1 284 
Quartz 
246-417/im 
5% avg 78.0 10.7 11.1 0.4 296 36 
Quartz 
146-246/im 
5% 

1 71.4 10.6 11.6 1.0 298 Quartz 
146-246/im 
5% 

2 73.1 9.1 10.4 1.3 326 
Quartz 
146-246/im 
5% avg 72.3 9.9 11.0 1.2 312 35 
Quartz 
850-2000/im 
20% 

1 53.9 5.6 8.4 2.8 318 Quartz 
850-2000/im 
20% 

1 71.3 7.7 14.3 6.6 362 
Quartz 
850-2000/im 
20% avg 62.6 6.7 11.4 4.7 340 37 

Quartz 
417-850/im 
20% 

1 64.8 5.6 8.6 3.0 409 Quartz 
417-850/im 
20% 

2 71.6 6.9 10.4 3.5 425 
Quartz 
417-850/im 
20% avg 68.2 6.3 9.5 3.3 417 31 
Quartz 
246-417/im 
20% 

1 59.0 6.0 8.7 2.7 340 Quartz 
246-417/im 
20% 

2 73.3 9.6 12.4 2.8 310 
Quartz 
246-417/im 
20% avg 66.2 7.8 10.6 2.8 325 34 
Quartz 
146-246/im 

1 56.4 4.0 5.4 1.4 458 Quartz 
146-246/im 2 67.8 8.1 9.0 0.9 309 
20% avg 62.1 6.1 7.2 1.2 384 23 



QUARTZ - continued 

m°c 
Quartz 
% by volume 

# Lmux 
(N) 

UY 

(mJ) (mJ) 
UYB 
(mJ) 

Slope 
(N/mm) 

Yeff 
(J/™2) 

Quartz 
850-2000/im 
40% 

1 27.3 3.0 9.1 6.1 150 Quartz 
850-2000/im 
40% 

.2 29i 2.9 9.3 6.4 190 
Quartz 
850-2000/im 
40% avg 28.6 3.0 9.2 6.3 170 30 
Quartz 
417-850Mm 
40% 

1 32.8 3.1 8.5 5.4 205 Quartz 
417-850Mm 
40% 

2 30 .6 3.0 7.6 4.6 197 
Quartz 
417-850Mm 
40% avg 31.7 3.1 8.1 5.0 201 26 
Quartz 
246-417/im 
40% 

1 m 3.4 6.6 3.2 260 Quartz 
246-417/im 
40% 

2 46.0 3.0 7.7 3.8 303 
Quartz 
246-417/im 
40% avg 42.9 3.7 7.2 3.5 286 23 
Quartz 
146-246/im 
40% 

1 36.8 17 5.2 2.5 304 Quartz 
146-246/im 
40% 

2 34.8 2.9 5.3 2.4 241 
Quartz 
146-246/im 
40% avg 35.8 2.8 5.3 2.5 273 17 



MICA 

900°C # ^Max UY UYB Slope Yeff 
Mica (N) (mJ) (mJ) (mJ) (N/mm) (J/m2) 

% by volume 
Untempered 1 lO î tf.3 llA 6.1 426 Untempered 

2 n3.6 l6.0 17.4 0.5 471 
Untempered 

avg 109.9 17.1 17.4 0.3 449 56 
Mica 
850-2000/im 
1% 

1 80.3 9.3 10.6 1.3 403 Mica 
850-2000/im 
1% 

2 82.1 12.1 13.4 1.3 310 
Mica 
850-2000/im 
1% avg 81.2 10.7 12.0 1.3 357 39 
Mica 
417-850/im 

1 105.8 14.5 14.8 0.3 480 Mica 
417-850/im 2 118.8 13.6 14.3 0.7 567 
1% avg 112.3 14.1 14.6 0.5 524 47 
Mica 
246-417/xm 
Wo 

1 93.6 13.7 13.8 O.l 382 Mica 
246-417/xm 
Wo 

2 95.3 14.0 14.5 0.5 378 
Mica 
246-417/xm 
Wo avg 94.5 13.9 14.2 0.3 380 46 
Mica 
146-246/im 
1% 

1 96.3 14.1 14.1 0.0 356 Mica 
146-246/im 
1% 

2 112.7 10.4 10.8 0.4 374 
Mica 
146-246/im 
1% avg 104.5 16.8 17.0 0.2 365 55 
Mica 
850-2000/im 
5% 

1 91.1 22.1 28.1 6.0 306 Mica 
850-2000/im 
5% 

2 1 22.2 27.0 32.8 00
 

347 
Mica 
850-2000/im 
5% avg 106.7 24.6 30.5 5.0 327 98 
Mica 
417-850/im 
5% 

1 89.8 19.3 22.9 3.6 220 Mica 
417-850/im 
5% 

2 103.7 31.3 35.3 4.0 189 
Mica 
417-850/im 
5% avg 96.8 25.3 29.1 3.8 205 94 
Mica 
246-417/nm 
5% 

1 108.2 19.7 20.2 0.5 331 Mica 
246-417/nm 
5% 

2 110.7 19.0 10.3 0.3 391 
Mica 
246-417/nm 
5% avg 114.0 19.4 10.8 0.4 361 64 
Mica 
146-246/ini 
5% 

1 111.8 10.1 10.4 0.3 332 Mica 
146-246/ini 
5% 

2 126.5 22.6 23.1 0.5 381 
Mica 
146-246/ini 
5% avg 119.2 20.9 21.3 0.4 357 69 



MICA - continued, 

m°c 
Mica 
% by volume 

# 
i-Max 
(N) 

UY 

(mJ) (mJ) 
UYB 
(mJ) 

Slope 
(N/mm) 

Yeff 
(J/m2) 

Mica 
850-2000/im 
20% 

1 102.3 23.0 47.2 24.2 287 Mica 
850-2000/im 
20% 

2 80.6 l$.8 54.2 34.4 215 
Mica 
850-2000/im 
20% avg 91.5 21.4 50.7 29.3 251 164 
Mica 
417-850/xm 
20% 

1 78.4 9.3 24.2 14.9 358 Mica 
417-850/xm 
20% 

2 101.7 20.0 31.7 11.7 350 
Mica 
417-850/xm 
20% avg 00.1 14.7 28.0 13.3 354 90 
Mica 
246-417/xm 
20% 

1 118.3 28.8 40.5 11.7 314 Mica 
246-417/xm 
20% 

2 113.1 27.4 36.1 8.7 282 
Mica 
246-417/xm 
20% avg 115.7 28.1 38.3 10.2 298 124 
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APPENDIX D 
TABULATED DATA FOR THERMAL EXPANSION MEASUREMENTS 

T 

OC) 

Plain 
I = 11.5 mm 

Shell 
/ = 9.9 mm 

Marble 
/ = 7.2 mm 

T 

OC) 
A/ 

(|im) 
A//Z x 

10* 
a 

ml 
°c 

A; 
(|im) 

A l / l x  
lO"6 

a 
IQj 
°C 

A/ 
(|im) 

A///x 
10"6 

a 
Ifff 
°C 

500 0.00 0 0.00 0.00 0 0.00 0.00 0 0.00 

510 0.13 11 1.1 0.39 39 3.9 1.03 143 14.3 

520 0.52 45 3.4 1.29 130 9.1 1.16 161 1.8 

530 1.16 101 5.6 2.32 234 10.4 1.29 179 1.8 

540 1.42 123 2.2 2.97 300 6.6 1.29 179 0.0 

550 1.81 157 3.4 3.74 378 7.8 1.42 197 1.8 

560 2.06 179 2.2 4.52 457 7.9 1.42 197 0.0 

570 2.45 213 3.4 5.42 547 9.0 1.55 215 1.8 

580 2.84 247 3.4 6.32 638 9.1 1.81 251 3.6 

590 3.87 337 9.0 7.74 782 14.4 2.06 286 3.5 

600 4.13 359 2.2 8.90 899 11.7 2.19 304 1.8 

590 3.35 291 -6.8 8.26 834 -6.5 0.65 90 -21.4 

580 1.81 157 -13.4 7.22 729 -10.5 -0.52 -72 -16.2 

570 -1.42 -123 -28.0 4.90 495 -23.4 -2.45 -340 -26.8 

560 -3.10 -270 -14.7 3.48 352 -14.3 -3.74 -519 -17.9 

550 -4.64 -403 -13.3 2.45 247 -10.5 -4.77 -663 -14.4 

540 -5.68 -494 -9.1 1.68 170 -7.7 -5.81 -807 -14.4 

530 -6.97 -606 -11.2 0.77 78 -9.2 -6.58 -914 -10.7 

520 -7.87 -684 -7.8 0.13 13 -6.5 -7.48 -1,039 -12.5 

510 -8.51 -740 -5.6 -0.65 -66 -7.9 -8.26 -1,147 -10.8 

500 -9.29 -808 -6.8 -1.16 -117 -5.1 -8.90 -1,236 -8.9 
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T 

CC) 

Grog 
/ = 11.9 mm 

Diatomite 
/ = 11.5 mm 

Fused Silica 
I = 9.3 mm 

T 

CC) 
A/ 

(jim) 
A l/lx 

10"6 
a 

IQj 
°C 

A/ 
(lim) 

A l/lx 
10* 

a 
iff6 

°C 

A/ 
(iim) 

A///x 
lO"6 

a 
1Q-6 

°C 

500 0.00 0 0.00 0.00 0 0.00 0.00 0 0.00 

510 0.52 44 4.4 1.03 90 9.0 0.65 70 7.0 

520 1.03 87 4.3 1.81 157 6.7 0.77 83 1.3 

530 1.68 141 5.4 2.45 213 5.6 1.42 153 7.0 

540 1.81 152 1.1 3.35 291 7.8 1.94 209 5.6 

550 2.06 173 2.1 4.26 370 7.9 2.32 249 4.0 

560 2.58 217 4.4 5.16 449 7.9 2.58 277 2.8 

570 2.97 250 3.3 6.06 527 7.8 3.10 333 5.6 

580 3.48 292 4.2 7.35 639 11.2 3.87 416 8.3 

590 4.64 390 9.8 9.68 842 20.3 4.77 513 9.7 

600 5.03 423 3.3 10.32 897 5.5 5.55 597 8.4 

590 4.26 358 -6.5 10.58 920 2.3 5.42 583 -1.4 

580 2.97 250 -10.8 9.80 852 -6.8 4.64 499 -8.4 

570 0.39 33 -21.7 7.35 639 -21.3 3.35 360 -13.9 

560 -1.68 -141 -17.4 6.06 527 -11.2 2.06 222 -13.8 

550 -2.84 -239 -9.8 5.16 449 -7.8 1.29 139 -8.3 

540 -3.87 -325 -8.6 4.52 393 -5.6 0.77 83 -5.6 

530 -4.77 -401 -7.6 3.87 337 -5.6 0.26 28 -5.5 

520 -5.68 -477 -7.6 3.23 281 -5.6 -0.39 -42 -7.0 

510 -6.45 -542 -6.5 2.84 247 -3.4 -0.90 -97 -5.5 

500 -7.22 -607 -6.5 2.32 202 -4.5 -1.16 -125 -2.8 



T 

(•C) 

Quartz 
/ = 10.5 mm 

Sand 
/ = 8.3 mm 

T 

(•C) 
A/ 

(|im) 
A///x 

10* 
a 

10* 
°c 

A/ 
(|im) 

A/// x 
10* 

a 
lfif 
•c 

500 0.00 0 0.0 0.00 0 0.0 

510 0.65 62 6.2 0.00 0 0.0 

520 1.81 172 11.0 0.77 93 9.3 

530 2.58 246 7.4 1.94 234 14.1 

540 3.61 344 9.8 3.10 373 13.9 

550 4.90 467 12.3 4.00 482 10.9 

560 6.32 602 13.5 5.29 637 15.5 

570 7.35 700 9.8 6.19 746 10.9 

580 9.03 860 16.0 7.48 901 15.5 

590 14.45 1,376 51.6 9.80 1,181 28.0 

600 15.87 1,511 13.5 13.93 1,678 49.7 

590 15.22 1,450 -6.1 14.96 1,802 12.4 

580 14.32 1,364 -8.6 14.32 1,725 -7.7 

570 9.16 872 -49.2 13.55 1,633 -9.2 

560 6.19 590 -28.2 10.45 1,259 -37.4 

550 4.39 418 -17.2 4.64 559 -70.0 

540 2.58 246 -17.2 3.48 419 -14.0 

530 1.29 123 -12.3 2.32 280 -13.9 

520 0.26 25 -9.8 1.29 155 -12.5 

510 -0.90 -86 -11.1 0.39 47 -10.8 

500 -1.94 -185 -9.9 -0.26 -31 -7.8 



T 

(*C) 

Mica 
I = 8.5 mm 

Wollastonite 
/ = 9.9 mm 

T 

(*C) 
Al 

(nm) 
Al/lx 

10* 
a 

10* 
°C 

A / 
(jim) 

A1/1% 
10* 

a 
mt 
°c 

500 0.00 0 0.00 0.00 0 0.0 

510 0.52 61 6.1 0.65 66 6.6 

520 0.90 106 4.5 1.29 130 6.4 

530 1.16 136 3.0 1.81 183 5.3 

540 1.55 182 4.6 2.45 247 6.4 

550 1.94 228 4.6 3.23 326 7.9 

560 2.32 273 4.5 4.13 417 9.1 

570 2.84 334 6.1 4.64 469 5.2 

580 3.48 409 7.5 5.29 534 6.5 

590 4.77 561 15.2 6.71 678 14.4 

600 5.29 622 6.1 8.13 821 14.3 

590 5.03 592 -3.0 7.35 742 -7.9 

580 4.26 501 -9.1 6.32 638 -10.4 

570 2.84 334 -16.7 4.64 469 -16.9 

560 1.68 198 -13.6 3.74 378 -9.1 

550 0.90 106 -9.2 2.84 287 -9.1 

540 0.26 31 -7.5 2.19 221 -6.6 

530 -0.39 -46 -7.7 1.68 170 -5.1 

520 -1.03 -121 -7.5 0.90 91 -7.9 

510 -1.68 -198 -7.7 0.39 39 -5.2 

500 -2.06 -242 -4.4 -0.26 -26 -6.5 



APPENDIX E 
TABULATED DATA FOR QUENCH TESTS 

Temper 
20% by 
volume 

AT sample 
size 

^Max 
(1) 

^Max 
(2) 

^Max 
(3) 

I-Max 
(4) 

^Max 
avg 

AI-Max 
(H-L) 

ALmbx 
(H-L) 

147-2000/xm CP) (N) (N) (N) (N) (N) (-N) (-%) 
Untempered 0 4 62.2 5 9.9 56.6 58.7 59.4 

133 4 42.2 56.5 58.9 62.7 55.1 
311 4 33.0 24.8 29.2 45.8 33.2 
453 3 5.8 11.2 12.2 9.7 
609 3 8.6 8.5 7.4 8.2 51.2 86.2 

Grog 0 4 37.3 34.3 32.7 34.2 34.6 
155 3 27.7 31.5 33.2 30.8 
3n 4 20.8 26.5 29.9 25.1 25.6 
453 3 14.5 13.7 16.9 15.0 
609 4 12.0 9.9 9.5 11.5 10.7 23.9 69.1 

Diatomite 0 3 29.8 33.7 31.6 31.7 
133 4 31.7 33.9 32.9 31.3 32.5 
311 4 28.0 31.8 29.6 28.1 29.4 
453 4 22.3 21.7 20.6 20.6 21.3 
609 4 l6.7 12.2 17.5 12.1 14.6 17.1 53.9 

Fused Silica 0 4 39.1 38.7 37.3 38.1 38.3 
147-417/xm 153 4 33.5 34.6 36.4 35.1 34.9 

311 4 35.0 38.7 36.5 36.6 36.7 
453 4 27.5 24.7 31.0 25.1 27.1 
609 4 20.9 21.4 20.7 24.5 21.9 16.4 42.8 

Sand 0 4 20.1 25.4 25.0 23.6 23.5 
133 4 23.5 26.4 23.2 23.1 24.1 
311 3 20.2 16.8 20.8 19.3 
453 4 14.5 11.6 15.1 12.7 13.5 
60$ 3 10.3 $.3 9.6 9.7 "133" 58.7 
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Temper 
20% by 
volume 

AT sample 
size 

Ljvfax 
(1) 

L\iax 
(2) 

L\iax 
(3) 

^Max 
(4) 

^Max 
avg 

Al-Max 
(H-L) 

ALfrfax 
(H-L) 

147-2000/im CO (N) (N) (N) (N) (N) (-N) (-%) 

Quartz 0 3 26.1 25.4 27.6 26.4 
133 3 24.4 22.7 22.5 23.2 
311 4 20.9 20.0 20.7 22.6 21.1 
453 4 21.4 17.1 18.7 19.0 19.1 
609 3 12.0 9.9 11.5 11.1 15.3 58.0 

Marble 0 3 32.4 32.2 29.5 31.4 
133 3 32.5 32.0 29.6 31.4 
3ll 3 29.2 29.9 30.7 29.9 
453 4 22.5 20.5 23.1 22.0 22.0 
609 3 14.3 14.8 13.4 14.2 17.2 54.8 

Shell 0 4 35.8 33.3 36.5 35.7 35.3 
133 4 33.3 38.1 36.3 28.8 34.1 
311 4 29.0 30.0 33.9 27.5 30.1 
453 4 24.6 2l.5 23.7 27.5 24.3 
609 4 10.4 18.9 lg.O 2l.3 19.4 "153" 45.0 

Mica 0 3 25.1 22.7 25.1 24.3 
133 0 ?? 
311 4 23.3 23.0 23.0 18.5 22.0 
453 0 ?? 
609 3 18.5 19.0 18.9 18.8 5.5 22.6 

Wollastonite 0 4 41.4 41.4 45.4 45.0 43.3 
WFP 133 3 47.5 49.0 42.5 46.3 

3ll 4 40.6 41.7 43.2 46.1 42.9 
453 4 35.5 34.3 35.6 3 6.6 35.6 
609 4 30.7 34.2 31.0 33.0 32.2 11.1 25.6 
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