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bstract

he influence of tempering on the mechanical performance of pottery is assessed. Emphasis is placed on the examination of the impact of temper
hape (low vs. high sphericity) and extent of vitrification on the strength and toughness of the ceramic material. Measurements on experimental
riquettes show that the replacement of platy phyllitic temper with bulky granitic temper results in a reduction in strength but, at least at very high

ring temperatures, in an increase in toughness. The observed differences in strength reduction with different temper shapes is semi-quantitatively
ssessed by adapting the damaged zone model, developed previously to disk-shaped particles. The effect of temper shape on toughness is particularly
ronounced at high firing temperatures, where platy temper results in significantly lower fracture toughness of the corresponding material.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

An argument that is frequently brought forward to explain
hanges in pottery manufacturing parameters, such as temper-
ng practices, is the optimisation of performance characteristics.

ithin this context, the material properties usually discussed
re strength, toughness or thermal properties. Although these
aterial properties have long formed the core of discussions

ertaining to functional requirements and the suitability of pot-
ery for its varied uses in the past, our current understanding of
hem is still far from complete.1

Strength and toughness are important measures of the
echanical performance of archaeological ceramics. During
anufacture and use-life, pottery is expected to withstand

ontinuous exposure to various mechanical stresses without

xperiencing structural damage or losing functionality. The
ature and the extent of these external stresses depend to a
arge part on the function of the vessel. Amphorae, for exam-
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le, need to survive stacking during transportation (i.e. be able
o bear the load of the overlying vessel layers), while any ves-
els used as containers should withstand the pressure exerted
y their contents without fracture. For such sustained stresses it
s strength which is a measure of survival. On the other hand,
egularly manipulated pottery such as cooking vessels should be
t to endure frequent handling and activities such as cleaning
r stirring. Any pottery product which is transported, be this by
ack-animal or in a ship’s hull, is exposed to impact stresses
ue to collisions with other objects or with the transportation
eans itself, caused by the movement of the carrier. For such

hort-term stresses, toughness can serve as a measure.
The strength of a material describes its ability to withstand the

tresses it is subjected to without fracture initiation. For pottery,
ompressive strength is of very little importance since a pottery
essel is rarely subjected to pure compression; if it fractures, it
sually does so in bending, under local tensile stresses. For this
eason, it makes most sense to look at bending strength when
tudying the influence of different material parameters on the
trength of pottery. The transverse fracture (or rupture) strength

ives a measure of the amount of bending stress a material can be
xposed to until cracks initiate on the surface under tension. In
he case of very brittle materials, for example high-fired ceram-
cs, the initiation of a crack is usually equivalent to the failure of

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.039
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he vessel, due to unstable crack growth. The stronger a vessel,
he more energy is required to initiate a crack. For pottery, how-
ver, just assessing the strength of a vessel does not necessarily
rovide information on when it will lose structural integrity. For
his, the toughness of the material has to be established. Tough-
ess is a measure of the intrinsic fracture energy, required for
rack initiation plus the energy that is absorbed by the material
uring crack propagation, through micromechanisms such as
rack deflection, friction and crack arrest. It is therefore linked
o the maintenance of structural integrity after crack initiation.
re-existing flaws, ubiquitous in a material such as pottery, are
otential origins of cracks. It is thus important that a crack, once
nitiated, is stopped quickly and effectively before leading to
otal fracture.

Fracture strength and toughness of traditional ceramics are
nown to be dependent on variables such as type of clay, temper
nd firing temperature. The determination of mechanical prop-
rties of clay ceramics in view of archaeological material has
een reviewed recently.1 Fracture strength has been determined
n bending tests on archaeological material2 or on replicates.3–5

ince this testing method requires regularly shaped specimens
nd several measurements on different test bars cut from one
ample, in many cases it cannot be employed for archaeologi-
al specimens. There are, however, alternative tests better suited
or measurements on archaeological ceramics.6,7 Toughness has
een determined on replicates, in loading experiments of various
esigns.

A series of studies (e.g.,4,5,8) have contributed to our knowl-
dge of the effect of technological choices on the performance
f archaeological ceramics, especially regarding the influence
f the volume fraction and grain size of temper on mechani-
al properties. Since the shape of aplastic inclusions is known
o have an influence on the Young’s modulus of a ceramic,9

emper shape is also expected to influence mechanical proper-
ies. The effect of temper shape on the mechanical properties of
rchaeological ceramics is of interest since temper with differ-
nt shapes was used widely in pottery production. Platy temper
ncludes materials such as phyllite or shell, while typical bulky
emper comprises quartz, granite or calcite, to name but a few.
n this study the influence of temper shape on the strength and
oughness of ceramic material is examined, comparing phyl-
ite and granite as tempering materials. These two tempers,
hich usually display a platy or bulky shape respectively, were
sed widely in pottery production during the Aegean Bronze
ge. Their selection for the present study reflects the particular

rchaeological case which gave the impetus for the assessment of
emper shape, namely the cooking ware assemblage at Akrotiri,
n Thera, Greece. Furthermore, it ensures comparability with an
nalogous study on quartz-tempered ceramics.8 Sand and shell,
nother pair of platy and bulky temper frequently discussed in
orth American contexts,2,3,10,11 are not suited for a systemati-

al assessment of the influence of temper shape, as the stability
ange of shell temper is restricted to low firing temperatures.
For the present work, a range of briquettes was manufactured
nd tested to assess their mechanical properties. A calcareous
lay was chosen as the base clay, due to the popularity of such
lays in ancient pottery production in the Aegean. This paper

b
1
p
o

eramic Society 30 (2010) 2457–2465

resents the results of mechanical tests performed on these
xperimental briquettes. It discusses the influence of tempering
n the mechanical properties of traditional ceramics, focusing on
he effects of temper shape. Although strength and toughness are
nterdependent variables, as they both are based on changes in a
eramic’s microstructure, for reasons of clarity, the strength and
oughness experiments are presented and discussed separately.
t is anticipated that this work, along with the existing literature,
ill provide a baseline for the discussion of tempering choices

elated to performance optimisation.

. Experimental

In order to investigate the influence of tempering on mechani-
al properties, a series of experimental briquettes was fabricated
nd examined for strength and toughness. Specifically, bulky
ranitic and platy phyllitic tempers were chosen to assess the
ffect of temper shape. All measurements were carried out on
eplicates, since archaeological material is subject to alteration
hrough use and subsequent burial. Furthermore, in order to
ssess the influence of individual parameters on mechanical per-
ormance, it is imperative to work under controlled conditions.

.1. Materials and processing

Test specimens were fabricated with a calcareous (ca. >23%
aCO3) clay from Pikermi (Attiki, Greece). This clay has been
sed in previous studies of mechanical and thermal properties
nd its chemical and mineralogical composition is described in
etail elsewhere.8,12 A fraction with a particle size of <30 �m
as separated from the raw clay and mixed with bulky granite

rom the island of Naxos (Greece) and platy phyllite from the
ortheast Peloponnese (Greece), respectively. Both materials
ere crushed and sieved to pass through a 1 mm mesh size, dis-

arding the fraction which would pass through a 0.5 mm mesh
ize (in the case of the platy phyllite, the aspect ratio of the
emper particles was approximately 1:5–1:10) (Fig. 1). Ceramic
riquettes with 10 vol% and 40 vol% temper material were pre-
ared in addition to untempered reference briquettes, resulting
n a total of five different clay mixtures (Table 1). The briquettes
ere formed using a Perspex mould (c. 12 cm × 7 cm × 1 cm).
or the preparation of the phyllite tempered briquettes, the paste
ixture was repeatedly folded and flattened, in order to obtain
preferred orientation of the platy phyllite particles parallel to

he largest surface of the briquettes, imitating common archaeo-
ogical fabrics. The determination of the mechanical properties
f the phyllite tempered fabrics was performed perpendicular to
he alignment axis of the inclusions. The briquettes were dried
or over 10 days at ambient temperature and humidity, covered
y plates made of plaster of Paris to ensure homogenous dry-
ng. Briquettes of each composition were fired at 550 ◦C, 850 ◦C
nd 1050 ◦C. These temperatures were chosen since they were
xpected to lead to different microstructures: 550 ◦C is well

elow and 850 ◦C is around the onset of vitrification, while
050 ◦C usually results in extensive vitrification.13 Firing took
lace with a heating rate of 200 ◦C/h and a soaking time of 1 h in
xidizing atmosphere. The large surfaces of the fired briquettes
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bonding between particles than is the case with the only loosely
connected clay particles in the low-fired specimen. It is there-
fore expected that changes in the degree of vitrification are
reflected directly in the measured strength values. Indeed, after a

Table 1
Matrix table of the briquette types examined: five different clay mixtures were
fired to three different temperatures each, resulting in a total of 15 different
briquette types.

Amount of temper

0 vol% 10 vol% 40 vol%

Granite temper 550 ◦C 550 ◦C 550 ◦C
850 ◦C 850 ◦C 850 ◦C
1050 ◦C 1050 ◦C 1050 ◦C
ig. 1. Photograph of granitic (a) and phyllitic (b) temper material as used in
he difference in shape is clearly visible.

ere ground parallel and cut into test bars of an approximate
ize of 1 cm × 1 cm × 7 cm for bending tests.

.2. Fracture strength

The bending strength or transverse rupture strength (TRS),
lso known as the modulus of rupture in bending (MOR),
as determined from three-point bending tests on bars of

n approximate size of 1 cm × 1 cm × 7 cm on an INSTRON
195 universal testing machine, at a constant loading rate
f 109 �m/min. The load as a function of displacement was
ecorded for every specimen. For every ceramic type (corre-
ponding to one set of parameters) TRS was measured on five
ars. It is important to note that the strength of ceramics, which
lways contain a multitude of microstructural imperfections that
an act as crack initiators (e.g., inclusions, pores, debonded
ones, microcracks), is not an intrinsic material property but
trongly dependent on those pre-existent flaws, on their distri-
ution and concentration. After breakage, the fracture area was
xamined visually with the aid of a stereo microscope. Data from
ars with clearly identifiable macroscopic flaws in the fracture
urface were not included in the determination of the mean. TRS
as then calculated according to standard methods.14

.3. Toughness

The intrinsic toughness, G1c is the energy that is needed for
he onset of fracture, i.e. for the crack to initiate, and is mainly
ue to elastic deformation of the material, which, for brittle mate-
ials, is always small. For brittle materials that do not exhibit
nergy dissipation micromechanisms, the fracture energy is just
he intrinsic part and can be determined by measuring the “frac-
ure toughness” K1c and Young’s modulus E independently.8

owever, various ceramic materials exhibit micromechanisms
hat dissipate energy during crack propagation and accord-
ngly show stable or quasi-stable fracture. In these cases, the
o-called toughening component Gt, appears as a tail in the
oad–displacement curves and needs to be taken into account for

he determination of the total toughness. To assess toughness, the
racture energy was determined from four-point bending tests on
re-notched bars of an approximate size of 1 cm × 1 cm × 7 cm,
ith a notch depth of 1 mm. The loading rate was held con-

P

oduction of the experimental briquettes, fraction with particle size 0.5–1 mm.

tant at 54 �m/min. For every ceramic type (corresponding to
ne set of parameters) three bars were tested. As with strength
ests, load–displacement curves were recorded for every spec-
men. The results of the few test bars where breakage would
ot originate from the notch but from pre-existing macroscopic
aws were not included in the determination of the mean values.
he total fracture energy (and the toughness) was calculated as
escribed in the literature.8

.4. Young’s modulus

The Young’s modulus (E) was obtained by determining
bending

8 and by subsequent application of a correction factor
hat allows for the shear stress that contributes to the overall
tress due to test geometry.

. Results and discussion

.1. Strength

Generally, higher TRS was measured for the briquettes fired
t higher temperatures (Fig. 2). The vitrification of the clay
atrix during firing at high temperatures results in stronger
hyllite temper Same as above 550 ◦C 550 ◦C
850 ◦C 850 ◦C

1050 ◦C 1050 ◦C
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Fig. 2. Fracture strength as dete

ignificant increase from 550 ◦C, the strength level of the untem-
ered ceramics based on the Pikermi clay remains relatively
table between 850 ◦C and 1050 ◦C. This is expected, since
itrification remains practically constant in this temperature
ange, as corroborated by comparative previous microstructural
tudies.13

Addition of temper material led to a decrease in TRS which,
or material containing either type of temper, is dependent on
heir volume fraction. As can be seen in Fig. 2, TRS values
f vitrified briquettes fall from 35 MPa in the untempered state
o around 10 MPa in briquettes with 40 vol% temper. This is
xpected due to flaws and imperfections which are introduced in
he ceramics’ matrix by the temper particles during all stages of

anufacture. During mixing of clay with temper, cracks are cre-
ted due to the incomplete wetting of the aplastic inclusions by
he clay, resulting in weak bonding. Furthermore, during drying,

amaged zones are formed around the rigid particles due to iso-
tatic residual tensile stresses. These zones are highly susceptible
o cracking when fired: the different thermal expansion factors
f temper and matrix result in the formation of microcracks.5

H
t
a
c

ig. 3. Structure of high-fired fabrics. The emergence of large elongated voids due
abrics, where the rigid inclusions act to “pin” the shrinking matrix, leading to the ob
d on three-point bending tests.

ltimately, the observed decrease in fracture strength is a result
f the consequential increase in overall flaw population.

Comparing the effect of the two different temper types, it
s apparent that the addition of phyllite has a less detrimental
mpact on TRS than the addition of the same volume fraction
f granitic temper. This effect becomes especially pronounced
hen adding high amounts of temper and at higher firing tem-
eratures, since, for specimens fired to 550 ◦C, the differences
etween the two temper types are much less pronounced (Fig. 2).
t can be argued that the reason for the different behaviour of
he two temper types lies in the relative amount of flaws intro-
uced by the respective temper particles. The different thermal
xpansion of the temper material does not appear to offer an
xplanation for the observed effect. Quartz, which at 573 ◦C
ndergoes a reversible phase transition accompanied by a 7 vol%
hange, is frequently cited in discussions of strength reduction.1
owever, the volume fractions of the quartz component in both
emper types, as determined by XRD methods, are quite similar
nd reasonably low (0.26 for granite and 0.19 for phyllite) and
annot account on their own for the observed differences.

to restricted shrinkage of the matrix can be observed in the highly tempered
served voids.
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In some fabrics, differences are observed in the extent and
mount of large elongated voids (Fig. 3): in the case of highly
empered granitic fabrics, the apparent length and amount of
hese voids appears more pronounced than in the correspond-
ng phyllitic fabrics. Manufacturing (repeated folding and/or
ressing into mould) results in an alignment of clay particles,
o that shrinkage upon drying is more pronounced in a vertical
irection, perpendicular to the clay particles.15,16 This results
n the observed horizontal alignment of the large pores. Due to
emper shape and the alignment of the inclusions, the phyllitic
abrics can better accommodate perpendicular shrinkage and
ewer voids open up. Overall porosity is approximately stable:
ll clay mixtures result in fabrics with a total (open) porosity
f 32 ± 2%, with no noticeable closed porosity.12 Also differ-
nces in the extent and amount of the large elongated pores as
bserved in some fabrics, however, cannot solely be responsi-
le for the strength differences: this phenomenon occurs only
n highly tempered fabrics whereas strength differences are also
bserved at lower levels of tempering.

It is therefore necessary to consider the impact of the differ-
nce in temper shape on the integrity of the surrounding clay
atrix. In the case of particles with a high sphericity, stresses

evelop all around the particles during drying and result in a
amaged area that can be described as a sphere enclosing the
hole particle.5 By analogy, the damaged zone around the edges
f a flake should have a toroidal shape (Fig. 4). The overall vol-
me fraction of the ceramic that is susceptible to the development
f microcracks during firing is thus much smaller, resulting in
omparatively fewer flaws and higher TRS for the phyllite tem-
ered ceramics. The small reduction in TRS for the tempered,
ery high-fired briquettes, as compared to the intermediate fired
nes, is probably due to the fact that firing to higher temperatures
esults in increased shrinkage of the clay matrix and accord-
ngly induces a more extensive damaged zone. This effect can
e observed with the granite temper but appears negligible for
hyllite, an observation which is in accordance with the differ-
nt extents of damaged zones postulated for the different temper
ypes. The influence of temper shape on damaged zones and
ccordingly on the mechanical properties of clay ceramics, both
trength and toughness is discussed in more detail below. (The
esults of the toughness measurements will be presented later in
he paper.)

.2. Damaged zones: quantifying the influence of temper
hape on damaged zones

Temper material induces damage to a ceramic matrix. Ther-
al expansion mismatches between temper particles and matrix,

s well as phase transformations during firing result in internal
tresses leading to the formation of microcracks around the tem-
er particles upon cooling from firing.17 Radial microcracks can
asily link up to form extensive networks, which have a detri-
ental impact on strength levels. It has been postulated that the
reas around quartz temper in clay ceramics experience micro-
amage already during drying.5 When fired, these areas are
ighly susceptible to cracking (‘damaged zone’). Furthermore,
ue to this microdamage, far more extensive radial microcrack-

c
p
a
g

ig. 4. Different geometries of damaged zones due to different temper shape,
nd resulting difference in amount of damaged matrix as illustrated by schematic
ross-sections (damaged area in grey).

ng is induced upon firing even if the thermal expansion factors of
emper and matrix fulfil the condition for circumferential crack-
ng (i.e. αmatrix > αparticle).17 Kilikoglou et al., using a stress-field

echanism, showed that for spherical inclusions, the effective
adius of the damaged zone can be expressed as

eff = ri

√
σ0

σgr

= ri

√
70(1 − Vf )

σgr

(1)

ith σ0 the stress at the surface of a rigid inclusion, σgr the green
trength of the material, Vf the volume fraction of temper added,
i the radius of a spherical inclusion and reff the radius of the
amaged zone around the particle.5 The fraction of the area that
s damaged is thus given by

Aeff

A
= Vf

σ0

σgr

= Vf

70(1 − Vf )

σgr

(2)

ith Aeff the extent of the damaged zone, and A the fracture area.
n the model by Kilikoglou et al. the number of inclusions in the
ross-section and the total damaged area are underestimated. A
andom cut will not go through the midpoint of an inclusion and
he average cross-section of inclusions will therefore be smaller
han πri

2. Additionally, damaged areas around non-meridian

uts are comparatively larger, and also damaged zones from
articles not lying in the cross-section at all may contribute. To
void these problems and to be able to compare different temper
eometries, the existing two-dimensional model, which assesses
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Table 2
Extent of damaged zones expressed as volume fractions Beff/B for particles of
different geometries. The values have been calculated for a nominal volume
fraction of 10% temper material, with a grain size diameter of 750 �m, for a
material with a green strength of 8.4 MPa.

Sphere Disk

a = 5 a = 10

reff 1027 �m 205 �m 103 �m
N
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ig. 5. Cross-section: damaged zones around the edges of a disk-shaped particle
ith blunt edges, platyness factor a = 5.

he extent of damaged area for spherical inclusions, is extended
ere to three dimensions and platy particles.

.2.1. Three-dimensional model
The volume occupied by inclusions in a cube with volume

is Bincl = BVf and the total number of spherical inclusions in
can be calculated as Nincl = Bincl/(4/3πri

3). The amount of the
otal damaged volume Beff can be calculated by multiplying the
umber of inclusions with the volume of one damaged zone
/3πreff

3. In the same way as in the two-dimensional case we
btain for the damaged volume fraction

Beff

B
= Vf

(
σ0

σgr

)3/2

= Vf

(
70(1 − Vf )

σgr

)3/2

(3)

As in the two-dimensional case, overlap is not taken into
ccount, and the calculated values are therefore too high. They
rovide, however, a measure for the extent of the crack network.
mportantly, the three-dimensional model allows a qualitative
omparison of spherical with platy particles.

Stress concentration factors become increasingly important
ith increasing sharpness of a particle. As a first step therefore,

he influence of increasing “platyness” is assessed for the case of
blunt flat inclusion where the stress concentration at its edges

s minimal, allowing for a simplified stress-field approach. This
ondition is fulfilled for a disk-shaped inclusion with rounded
dges (Fig. 5).

The volume of such a blunt disc is given by 2/aπri
3, where ri

s the radius of the disk, 2ri/a is the disk’s thickness and a is the
uotient of disc diameter to thickness, and a measure of the platy-
ess. Keeping the volume and height constant and adjusting the
dges so that stress concentration is minimal (i.e. smallest possi-
le curvature), results in a disk whose edges can be described in
ross-section as half circles with radius ri/a (Fig. 5). This proce-
ure entails changes in the radius of the disk, but they are small
nough so that they can be neglected for the further calculations.
he effective radius of the damaged zone, which for a > 2 forms
torus around the disks, can then be expressed in analogy to the
pherical case as

eff = ri

a

√
σ0

σgr

= ri

a

√
70(1 − Vf )

σgr

(4)

e
σ

σ

c

incl 453 1510 3018

eff/B 2.1 0.4 0.2

For a > 2, the damaged volume caused by one particle is
escribed by a torus around the edges of the platy inclusions
ith Beff,inc = 2π2reff

2ri. The volume occupied by inclu-
ions in a volume B is: Bincl = BVf, the number of inclusions
incl = Bincl/(2/aπri

3), so that the fraction of the damaged vol-
me Beff/B can be calculated as

Beff

B
= π

a
Vf

(
σ0

σgr

)
= π

a
Vf

(
70(1 − Vf )

σgr

)
(5)

Applying Eqs. (3) and (5), for spherical and platy temper
espectively, allows a comparison of the extent of damaged zones
or different geometries. Table 2 lists the extent of damaged
ones expressed as volume fractions Beff/B for particles of dif-
erent geometries. The number of inclusions Ninc is calculated
or a nominal volume of 1 cm3. reff corresponds for a spheri-
al inclusion to the radius of the resulting spherical damaged
one, and in the case of a platy inclusion to the minor radius
f the torus shaped damaged zone. The results indicate that
or a nominal amount of 10 vol% inclusions, an average grain
iameter of 750 �m and a green strength of 8.4 MPa (cf. calcu-
ations for two-dimensional model with spherical inclusions8),
n ideally blunt platy particle with moderate platyness (a = 5)
hould induce five times less damage to the ceramic than the
ame amount of spherical temper.

These results describe the situation for ideally blunt inclu-
ions. In reality, the difference between platy and spherical
articles is far less pronounced since they are never blunt but
lways exhibit sharp edges. This is reflected in the relative
trength loss observed in the experimental briquettes tempered
ith bulky granite and platy phyllite, when compared to the
ntempered specimens (Fig. 2). From microscopic observations,
t is clear that the edges of the temper particles are not blunt
ut display significant sharpness, resulting in the concentration
f stresses around the edges. Stress concentration depends on
he curvature of the particle, the corresponding equation for
lliptical geometry with radius c is known as Inglis’ law:

max = 2σ

√
c

ρ
(6)

With increasing curvature, the local stress σmax induced at the

dge of a sharp inclusion increases for the same external stress
applied. Fracture initiation will occur when this local stresses

max at a particle edge exceed the local fracture strength of the
eramic (critical particle).
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Fig. 6. Fracture energy as dete

The above model allows for the rationalisation of the
bserved differences in the reduction of fracture strength with
pherical and platy temper in high-fired specimens, by revealing
hat the extent of the damaged zone which develops in a ceramic
ith platy temper particles is substantially smaller than for a

orresponding material which contains spherical particles. In the
ow-fired specimens the strength reduction is lower (Fig. 3) since
he ceramic bodies are not vitrified and even the untempered
riquettes contain high amounts of flaws and cracks.

It must be emphasised that the orientation of the platy par-
icles plays an important role in fracture strength. The effects
f aligned elongated flaws on strength can be substantial: even
ne poorly bonded elongated particle, lying approximately par-
llel to an applied tensile stress, can cause premature failure.
he method of manufacture of the experimental briquettes con-

aining phyllite ensured that the platy particles were all aligned
erpendicular to the test direction, so that no such detrimental
aws in direction of the testing would have occurred.

In terms of toughness (the results of the toughness measure-
ents on the experimental briquettes will be discussed in detail

elow) elongated particles might offer additional energy dis-
ipation due to frictional pull-out. The above model, however,
as been developed mainly to explain the strength differences
etween high-fired granite and phyllite tempered samples (see
ig. 2). In these cases, fracture goes through the phyllite particles
o that pull-out mechanisms do not contribute. This is reflected
n the lower toughness values for high-fired phyllite tempered
amples than corresponding granitic ones (Fig. 6).

.3. Toughness

Generally, the results of the measurements show that the addi-
ion of temper increases the toughness of a material (Fig. 6). The
igher the volume fraction of inclusions, the higher is the tough-

ess of the corresponding material. This behaviour is expected,
s the rigid inclusions provide the ceramics with additional
eans of energy dissipation through crack deflection, bifurca-

ion and arrest. With platy particles, pull-out processes are also

t
b
t
f

d in four-point bending tests.

xpected. At low and intermediate firing temperatures, the nature
f the temper material does not have a discernible influence on
he toughness of the ceramics, both types of temper result in
abrics with similar toughness. Only when fired to 1050 ◦C, do
he fabrics containing high amounts of phyllitic temper behave
istinctively differently from their granitic counterparts: their
oughness decreases in comparison to the lower fired pastes,
hile the toughness of the granitic tempered ceramics remains

table at a high level. Thus, for high firing temperatures, the
ddition of phyllitic temper results in significantly less tough
aterial than with granitic temper.
It has been observed for quartz-tempered ceramics made of

ikermi clay that a change in the mode of fracture from brittle to
table occurs at around 20 vol% of temper material.5 The gran-
te tempered samples in this study seem to follow this pattern;
abrics with 10% temper exhibit brittle to semi-stable fracture,
hile the ones containing 40% temper material break in a stable
anner. Accordingly, the ceramics containing 10% temper do

ot show any considerable energy dissipation during crack prop-
gation and overall toughness is largely determined by intrinsic
oughness. Only at 40% temper does the contribution of Gt

ecome significant (Fig. 7).
In the highly tempered fabrics fired at 850 ◦C, both temper

ypes exhibit similar toughening properties and the toughening
omponent Gt that accounts for the energy that is absorbed dur-
ng crack propagation is comparable for both temper materials.

hen the briquettes tempered with 40% phyllite are fired to
050 ◦C, however, Gt becomes much smaller, resulting in an
verall smaller toughness, compared to the lower fired phyllitic
abric but also to the granitic counterpart. Since the intrinsic
oughness G1c is actually greater in the case of phyllitic temper,
he decisive factor is the toughening component Gt. In the case
f granitic temper, a significant amount of energy is needed to
ropagate the crack through the ceramic. In the case of phyllitic

emper in a high-fired matrix, a crack propagates in a more unsta-
le way and the contribution of the toughening component Gt

o the overall toughness Gtot is small. The observed decrease in
racture toughness, as compared to the lower fired phyllitic tem-
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Fig. 7. Contribution of intrinsic toughness G1c and energy dissipation

ered material, may be due to differences in the Young’s moduli.
hile the onset of fracture occurs at roughly the same loads for
aterial fired at 850 ◦C and 1050 ◦C, the Young’s modulus of

he higher fired briquettes with 40% phyllite temper is nearly
wice (8.7 GPa) that of their lower fired counterpart (4.8 GPa).
he increased stiffness of the material results in a fabric which is

ess able to absorb energy during fracture. Indeed, when exam-
ning the fracture surfaces, it is observed that in the highly fired
amples the crack often propagates through the phyllite particles,
reaking the thin plates in half, eliminating any contribution they
ay have had on the toughening. Breakage of temper plates

s seen to a much lesser amount in samples fired to 850 ◦C.
he reason for this preferential phyllite cracking is probably the
eakening effect of high-temperature processing on the phyl-

ite itself (caused by dehydroxylation and subsequent structural
reakdown of the phyllosilicate component at very high tem-
eratures), combined with enhanced bonding expected between
he matrix and the particles at such temperatures. In this regard,
t may be instructive to measure the effect of tempering clays
ith a type of platy particles that retain their strength at high

emperatures.
For ceramics fired at very low temperatures, higher toughness

or platy temper material as compared to more equant inclu-
ions has also been reported in the literature,11 a phenomenon
hich has been explained by higher energy dissipation during

rack propagation through additional mechanisms such as pull-
ut mechanisms. The means of the toughness values of the lower
red samples in the present study show a similar trend: before

he onset of vitrification (i.e. in samples fired to 550 ◦C), phyllitic
emper seems to result in marginaly higher values for fracture

oughness than granitic temper. In these cases fracture initiates
t very low loads, and with 40% temper, a stable fracture mode
s observed for both temper types. Briquettes with 10% granite
xhibit a mean fracture energy of 23 J/m2, while the mean frac-

t
p
o
a

t to total fracture toughness of granite and phyllite tempered fabrics.

ure energy of their phyllitic counterpart is 27 J/m2. However,
his finding is obscured by the rather broad spread of the mea-
urements and the resulting high standard deviations (especially
or the briquettes containing 40% temper).

In the fabrics containing 40% granite temper, which already
how a considerable toughening component, additionally an
ndentation mechanism is observed. Even after complete divi-
ion of the test bars into separate pieces, the two fracture surfaces
till hold together, due to interlocking that is comparable to
egoTM bricks. The protruding granitic grains act as studs while

heir impressions provide the sockets. As a result, the materials
re able to undergo significant bending without losing structural
ntegrity (Fig. 8). This effect seems especially effective with the
elatively large size of temper employed in the present study,
nd is related to the “pull-out” mechanism for inclusions.

. Summary and conclusions

In agreement with earlier experiments2,5 a reduction of frac-
ure strength and an increase in toughness was observed with
ncreasing amounts of aplastic inclusions in a ceramic fabric.
he strength decrease is less pronounced with platy temper mate-

ial, while toughness at low and intermediate firing temperatures
s comparable for the two temper types. The observed differ-
nces in strength reduction with different temper shape could be
ccounted for qualitatively by adapting the damaged zone model
eveloped by Kilikoglou et al. to disk-shaped particles and is
onfirmed by reported measurements on low-fired specimens.3

he single most important parameter for obtaining high fracture

oughness is the presence of relatively high amounts of tem-
er material, as has been shown by the present work. The kind
f temper does not play an important role unless the ceramics
re fired to temperatures in excess of about 1000 ◦C where the
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ven after complete fracture (1) the two pieces still hold together due to inter-
ocking. Complete separation (6), usually by breakage of the ‘weakest link’ part
f the matrix occurs only after significant bending (2–5).

ddition of granite temper appears preferable over phyllite tem-
er. It is clear therefore that, when aiming for a tough material,
he addition of temper or the selection of coarse clays seems
eneficial.

These findings have important implications when assessing
echnological choices observed in archaeological material. It can
e argued that for the mechanical properties of the usually rel-
tively coarse utilitarian vessels, such as cooking pots which
re not subjected to significant bending stresses, fracture tough-
ess rather than strength is the more significant performance
haracteristic. As coarse materials will have low strength lev-
ls due to high flaw levels introduced by aplastic inclusions, it
s the propagation of a crack which needs to be avoided rather
hen its initiation. High fracture toughness is obtained by adding
ubstantial amounts of temper material. In the case of granitic
abrics, toughness remains stable at higher firing temperatures,
hile care has to be taken with phyllitic fabrics not to fire the pot-

ery too high, as otherwise fracture toughness decreases again.
nother example would be transport amphorae used in mar-

time trade. Here, one could argue that strength would play a
igger role. Accordingly, higher firing temperatures and finer
abrics containing less temper material would be advantageous
nd platy temper preferable over bulky one. However, as impact
tresses are very likely to occur also in these types of vessels,
specially during transportation, the toughness of the material
ust still be satisfactory and should also be considered.

While the above is an important contribution to discussions

f technological choices observed in archaeological material, it
hould be emphasised that such studies must take into account
he interrelated nature of material properties, carefully balancing
eramic Society 30 (2010) 2457–2465 2465

everal potentially significant material properties. Further, any
iscussion relating to the performance of archaeological material
eeds to be placed in the socio-cultural context of production and
onsumption.
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