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a b s t r a c t

This study deals with the mechanical characterization of three types of obsidian with scratch tests. These
obsidians have been selected for their archeological interest and, in particular, they have been taken in
three different sites in Turkey: Bingöl, Nenezi Dag and Kayirli.
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Known as being brittle, the mechanical analysis of such material requires a special attention. The poros-
ity is measured by optical method. The incremental scratch test is used to determine the critical normal
load and the constant scratch test is used to determine the toughness. Two types of indenters, conical and
spherical, have been used.

Three regimes of damage have been observed, the micro-ductile, the micro-cracking and the micro-
abrasive regimes. It has been found that the obsidian from Nenezi Dag is more tough than the two others
and, in the same time, that it has a lower porosity than the others.
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. Introduction

In archeology, use-wear analysis is today a well-accepted
ethod intended to the identification of the usage of prehistoric

ools, especially those made of stone. Astruc et al. [1] give sev-
ral examples of the application of use-wear analysis on vessels,
gurines or pendants which have led to a better understanding
f the social organization of a neolithic population during the VII
illennium b.c., in Cyprus.
The interest of ancient populations in brittle materials is well

nown. It is justified by their usefulness in several human activi-
ies, fishing, hunting, farming, cooking and many others. The need
o cut, to pierce, to mince, to crush and so on, requires the control of
rittle materials. These materials were certainly selected for their
echanical properties. Therefore, the mechanical characterization

f these materials is an essential step to understand the choice of
hese materials. Forming part of natural glass families, the obsidi-

ns were exploited and adapted by prehistoric man to manufacture
arious tools.

The aim of this study is to propose a tribological characterization
f prehistoric obsidian.

∗ Corresponding author at: Laboratoire des Systèmes Electro-Mécaniques, Ecole
ationale d’Ingénieurs de Sfax, BP. W. 3038 Sfax, Tunisia. Tel.: +216 74 274 088;

ax: +216 74 275 595.
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Scratch test is a technique which provides much information
n wear mechanisms. The fundamental phenomena of sliding
ear such as cracking, and chipping are reproduced in the scratch

est. Since the 1980s, it is known that the study of scratching
f brittle materials give the same information than an indenta-
ion test [2–4] concerning the cracking phenomenon. In particular,
wain [5] found that the occurrence of microfracturing during
he scratching of brittle materials is very similar to the one that
appens under quasi-static indentation excepted that in scratch
est a tangential load is applied in addition to the normal load.
wain defines three regions for damage in glasses depending
n the applied normal load: between 0 and 0.1 N the scratch-
ng is fully plastic, between 0.1 and 5 N, median and lateral
racks occur, and for higher loads median cracks and poorly
eveloped lateral cracks are observed combined with a crushing
rack.

A commonly used sectioning technique to detect the subsur-
ace damage is the bonded interface technique, where sections
ut perpendicular to the scratch direction previously bonded by
dhesive are viewed by scanning electron microscope (SEM) [6].
owever, this technique does not lend itself to visualization of shal-

ow subsurface damage occurring under low normal loads or brittle

aterials.
In this study, results of scratch tests on three types of obsidian

elected for their archeological interest are presented. The crack-
ng critical normal load, the toughness and the cracking modes are
etermined for two types of indenters.

http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:khaled.elleuch@enis.rnu.tn
dx.doi.org/10.1016/j.wear.2008.07.007
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Fig. 1. Optical photo of the three obsidians: obsidian 1 from Bingöl, obsidian 2 from
Nenezi and obsidian 3 from Kayirli.

Table 1
Measurement of the surface porosity

Material Porosity (%)
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bsidian 1 18
bsidian 2 10
bsidian 3 13

. Experimental

.1. Materials

Obsidian has a volcanic origin. This is an amorphous material
hich consists of approximately an equal proportion of quartz

SiO2), orthose (Si3AlO8K) and albite (Si3AlO8Na).
Three obsidians are tested. They have different colours (Fig. 1)

ince they have different geographical origins. Obsidian 1 comes
rom Bingöl which is located in Eastern Anatolia (actual Turkey).
bsidian 2 comes from Nenezi Dag area located in Central Anatolia.
inally, obsidian 3 comes from Kayirli (near Göllü Dag volcano also
n Central Anatolia).

The porosity was measured by an optical profiler (Wyko
T109597). The vertical resolution is 2 nm and the horizontal reso-

ution is less than 1 �m. Results are presented in Table 1. It is found
hat obsidian 1 (Ob1) has the biggest porosity value.

Samples used in scratch tests are enrobed and polished from
400 to P4000.

.2. Scratch test
The scratch tester used in this study was developed in Ecole Cen-
rale de Lyon in order to perform scratch experiments under various
oads or penetration depth. All the characteristics of the scratch
ester are presented in Ref. [7] and in Table 2. The normal load Fn,

able 2
clerometer capacities

ange of normal force (Fn) 0–50 N
ange of tangential force Ft 0–20 N
ange of scratch length L 0.5–10 mm
cratch speed 50–2500 �m/s
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ig. 2. Scratch test configurations: (a) incremental scratch and (b) constant scratch.

he penetration depth h and the tangential force Ft are continuously
easured during the experiment.
Two configurations of scratch test have been used: scratch test

ith increasing normal load and scratch test with constant normal
oad.

.2.1. Scratch test with increasing normal load–incremental
cratch

In this case, the sample is tilted with a predefined slope. Fig. 2(a)
hows the principle of this test. After the indentation phase is done
imposing an initial normal load, Fn0), the sample is moved in the
liding direction and the normal load increases proportionally to
he sliding distance. When the desired scratch length is reached,
he indenter rises (in the vertical direction) and then the sample

oves back without contact with the indenter. This is a single pass
cratch test. If a multipass test is desired, the previous process is
epeated as many times as required, so that a superimposed scratch
car is realized.

.2.2. Scratch test with constant normal load–constant scratch
Fig. 2(b) shows the principle of this scratch test. It differs from

he previous one by the fact that the sample is now positioned in
uch a way that its surface is parallel to the sliding direction of
he indenter. In this configuration, the normal force is maintained
onstant during the test.

In all performed scratch tests, the sliding speed is 250 �m/s.
or incremental scratch test, the sliding distance is 10 mm. But for
onstant scratch test, the sliding distance is only 2 mm in order to
nsure a constant normal load.

Two indenters have been used: conical and spherical inden-
ers. The spherical indenter has a radius of 2 mm and is made of
teel 100Cr6 (1% of carbon and 1.5% of chrome). The conical inden-
er is made of diamond. The semi-angle is 120◦ and the radius of
urvature of its vertex is 5 �m.
In all incremental scratch tests with conical indenter of this
tudy, the angle of inclination between the obsidian surface and
he sliding direction is 34◦ and the initial normal load is Fn0 = 0.1 N.
ut with the spherical indenter, the angle of inclination is 68◦ and
he initial normal load is Fn0 = 20 N.
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Fig. 3. Forces versus sliding distance in incremental scratch using conical indenter:
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In practice, the total length d of the second and the third zone
is measured and is reported in the curve F = f(d) to deduce F .
a) normal load Fn, (b) tangential force Ft and (c) ratio Ft/Fn.

. Results and discussion

.1. Incremental scratch with conical indenter

Fig. 3(a) shows the linear variation of normal force versus the
liding distance during the incremental scratch tests of the three
bsidians, whereas Fig. 3(b) shows the tangential force versus the
liding distance.

Ob3 gives rise to a lower normal load than Ob1 and Ob2. How-
ver, Ob2 has the highest values of tangential force. This explains
he higher ratio Ft/Fn of Ob2 shown in Fig. 3(c).

It can be noted that the evolution of forces is first regular for
ow loads and, above a certain sliding distance, i.e. a critical normal
oad, some fluctuations appear. Furthermore, these unstable vari-
tions are more and more important for high normal loads. This
ehaviour can be observed on both forces in Fig. 3(a) and (b) and

s attributed to the apparition of chips and the presence of surface
efaults (porosity, roughness, etc.).
The observation of the scratches illustrates three zones shown
n Fig. 4(a):

F
t

ig. 4. Optical photo of the obsidian 3 under incremental scratch: (a) illustration of
hree zones and (b) detail of the brightness zone.

The first zone is a “soft zone” where the aspect of the scratch has
a regular morphology. It corresponds to low normal load values.
This is the micro-ductile regime which consists on a permanent
scratch track without damage on both sides and without visible
debris.
The second zone is a “brightness zone” where cracks appear with-
out forming chips (Fig. 4(b)). This zone exhibits a brilliant aspect.
The cracks start under the surface and sometimes, reach the sur-
face. Two types of cracks are present, lateral cracks and radial
cracks. This is the micro-cracking regime characterized by an
important damage by micro-cracking.
The third zone, the “chipping zone”, corresponds to the forma-
tion of chips and many other debris. It appears for high normal
load values. In this zone, there is a crack network, radial cracks
and lateral cracks intersecting the surface. This zone is the most
damaged part and leads to an irregular morphology of the edge
of the scratch scar. This is the micro-abrasive regime.

These observations well agree with those of Swain [5]. It is
mportant to note that the apparition of fluctuations on Fn and Ft can
e strongly correlated to the scratch facies. Thus, the critical thresh-
ld of normal load (Fnc) can be defined as the force separating the
econd zone and the third zone. For Fn < Fnc the scratch maintains a
uasi-regular shape which explains the regularity of force signals.
ut when the transition occurs for Fn ≥ Fnc, the apparition of chip-
ing phenomenon occurs and consequent fluctuations in Fn and Ft

ill appear.
n nc

or each obsidian the incremental scratch test was repeated eight
imes to confirm the value of Fnc. Results are presented in Table 3.
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Table 3
Critical loads

Samples Ob1 Ob2 Ob3

Critical, Fn (N) Corresponding, Ft (N) Critical, Fn (N) Corresponding, Ft (N) Critical, Fn (N) Corresponding, Ft (N)

1 1.1 0.3 1.1 0.28 0.9 0.22
2 1.3 0.38 0.9 0.24 0.9 0.2
3 1.2 0.33 0.7 0.18 0.8 0.18
4 1.2 0.33 1 0.25 0.8 0.21
5 1.2 0.22 0.9 0.24 0.8 0.21
6 1.1 0.22 0.9 0.27 0.5 0.1
7
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1 0.18 0.7
0.9 0.2 0.8

verage 1.1 ± 0.2 0.27 0.9 ± 0.2

t is found that obsidian 1 has the highest value of critical normal
oad, whereas the two others have similar values.

.2. Constant scratch test with conical indenter

In Fig. 5(a) the typical scratch pattern obtained under the crit-
cal normal load in the incremental scratch test is shown. In spite
f the cracking of the obsidian, the width of the scratch remains

lmost constant with a rather significant depth (40 �m). However,
t presents random degradations shown in Fig. 5(b) that may be
lassified as follows.

The wear debris is a powder which particles are of order of few
icrometers (Fig. 5(b)). Evans and Marshall [8] report that the lat-

ig. 5. (a) Scratch pattern in constant scratch (Fnc) of obsidian 3; (b) illustration of
hipping, rising and debris formation; (c) primary and secondary cracks.
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ral cracking dominates the material removal in brittle material
nd is then of major interest for the understanding of machining
rocesses.

The matter rising is the mechanism that precedes chipping but
ithout matter removal. Marshall et al. [9] point out a dynamical
henomenon during scratching reported in a section view along the
cratch. It shows that the median crack does not propagate like one
ong and unique median crack but like successive median cracks
hat are created all along the scratch.

The chipping leads to the removal of large pieces of matter. Le
ouérou et al. [10] explains that chipping occurs when the lateral
racks propagate from the indenter vertex towards the specimen
urface and reach the surface.

The cracking may be of different types visible throughout the
cratch. The primary cracks directly start from the scratch and sec-
ndary cracks start from primary cracks. It should be noted that
hese secondary cracks are short. The primary cracks propagate
rom the zone of the contact on the surface, in a vertical plane
ith the direction of the scratching, and emerge on the surface.
hereas the secondary cracks have an orthogonal direction with

hat of the primary cracks (Fig. 5(c)). In Table 4 the mean crack
engths obtained from a direct measurement through a microscope.

e note that obsidian 1 has the biggest cracking average length,
hereas the two others have a similar crack length (Table 4). It

an be also noted that these averaged crack lengths observed on
he samples well agree with the measurement of the porosity; the
ess porous being obsidian 2 (Nenezi) with small crack lengths,
hen obsidian 3 (Kayirli) and finally the most porous is obsidian
(Bingöl) with the largest cracks.

To compare the toughness of the three obsidians, the cracking
requency is considered. The cracking frequency is defined as the
umber of cracks per unit scratch length

= N

L
(1)

here N is the total number of cracks and L is the scratch length.
his cracking frequency can also be expressed in Hz by multiplying
t by the sliding speed. Results are shown in Table 5. A high cracking

requency is related to a more fragile behaviour such as in the case
f obsidian 1. Hence, obsidian 2 has the less fragile behaviour.

The calculation of toughness can be done as follows. Since the
one is moving and therefore is in contact only over its front face,
he contact area is reduced to the surface of the front half-cone. The

able 4
verage lengths of the cracks

am (�m)

b1 40 ± 2
b2 28 ± 3
b3 30 ± 2
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Table 5
Frequency of cracking

Material Nm f (mm−1) f (Hz)

Ob1 210 21 5.25
Ob2 112 11 2.75
Ob3 143 14 3.5

Table 6
Critical normal stress and toughness

Material Fnc (N) Dm (�m) �nc (MPa) Kc (MPa m1/2)
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b1 1.1 41.5 1666 1.21
b2 0.9 29.5 2596 1.62
b3 0.8 32 2000 1.3

ormal stress is equal to the normal force divided by the relevant
urface that is the actual contact area of the half-cone projected
n the surface plane. If the mean scratch width is noted Dm, the
ormal projected contact area is �D2

m/8. The critical normal stress
nc, that is the stress which gives rise to cracks, is equal to the ratio
f the critical normal load Fnc and the normal contact area �D2

m/8:

nc = 8Fnc

�D2
m

(2)

During the sliding, the stress � is maximum at the back edge of
he contact where the cracks start.

Following Griffith’s theory of the cracking of brittle materials
11] in mode I under traction, the stress � is related to the crack
ength a by

= Kc√
�a

(3)

here Kc is the toughness. But in scratch test, the cracks are ini-
iated under compression instead of traction. The rupture under
ompression is not controlled by the propagation of a single crack,
ut by the propagation of many cracks in the crushing zone [12]. It

s therefore more relevant to consider the average length am of the
racks [13] in Eq. (3). Furthermore, for brittle materials, the com-
ressive strength is greater than the tensile strength. The factor 15

s usually admitted [14]. The modified Griffith’s relationship is then

nc = 15
Kc√
�am

(4)

The toughness Kc can now be obtained from Eq. (4):

�nc √

c =

15
�am (5)

here am is the average length of the cracks directly measured on
he sample and summarized in Table 4. Table 6 shows that obsidian

is the toughest one, whereas the lowest toughness appears for

f
l
u
t
n

Fig. 7. Optical photo of Hertzian cracks of obsidian 1 for
ig. 6. Evolution of the ratio Ft/Fn versus sliding distance in incremental scratch of
bsidian 2 using spherical indenter (Fnc = 20 N, 68◦).

bsidian 1. Such results confirm the previous ones based on the
racking frequency.

The measurement of the Vickers hardness show that obsidian 3
Kayirli) is harder, 7.4 GPa, than the two others, 5.8 GPa for obsidian
(Bingöl) and 6.7 GPa for obsidian 2 (Nenezi). These results show

hat the brittleness (the opposite of toughness) does not follow the
ardness. In this case, the less tough obsidian would be obsidian 3.
he brittleness rather follows the porosity (the more porous being
he less tough).

.3. Incremental scratch tests with spherical indenter

In this section, the effect of the indenter geometry is investi-
ated. A spherical indenter which radius is 2 mm has been used. But
ith the same conditions than the conical indenter, titled angle 34◦

nd Fn0 = 0.1 N, no damage is observed. Therefore, the tilted angle
as been increased up to 68◦ and the initial normal force up to
n0 = 20 N.

Fig. 6 shows the evolution of Ft/Fn ratio of Ob2 (68◦ and
n0 = 20 N). No important fluctuations are noted and the ratio Ft/Fn

ends to have a very low value (about 0.1). The first pass does not
ead to any apparent damage on the surface neither under the sur-

ace. However, as remarked in Ref. [15], the maximal shear stress is
ocalized under the surface and therefore, a residual stress is stored
nder the surface. The second pass gives rise to a magnification of
he fluctuations of the force for obsidian 2 (Fig. 6). But this phe-
omenon is not sufficient to create incipient cracks on the surface.

two incremental scratch passes (Fnc = 20 N, 68◦).
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ig. 8. Evolution of the ratio Ft/Fn versus sliding distance in incremental scratch of
bsidian 1 using spherical indenter.

his result confirms the high toughness of obsidian 2. The critical
ormal load is certainly higher than the cell capacity (Table 2).

In contrast, when scratching Ob1 and Ob3 having lower tough-
ess, a surface damage is found. Optical analyses highlight that
ertzian cracks (semi-circular cracks centered in the contact line
nd perpendicular to it) are created during the second incremented
cratch pass (Fig. 7).

Fig. 8 shows that under a single pass (titled angle 34◦ and
n0 = 0.1 N) no damage is observed and the related friction coef-
cient is about 0.1. But, when the titled angle is 68◦ and Fn0 = 20 N,
ubsurface cracks are generated under a single pass and the fric-
ion coefficient is first maintained to 0.1 and then slightly increased
o 0.12 after a sliding distance of 4.5 mm when Fnc is reached
Fnc = 35 N for Ob1 and Fnc = 30 N for Ob3). Some fluctuations of Fn

nd Ft are then found. During the second pass (68◦ and Fn0 = 20 N),
hese fluctuations become higher and simultaneously some cracks
ppear on the surface (Fig. 7). The related friction coefficient is
ocated between 0.15 and 0.35.

Similar results were found by Ahn [16] and Bulsara [17,18] when
onsidering monotonic loading/unloading cycles using a Vickers
ndenter. According to these authors three different regimes are
ypically observed: (i) the first one is associated with a permanent
roove with eventually the formation of subsurface lateral cracks
nder the plastic track, and corresponds to a micro-ductile regime;
ii) the second one, so-called cracking regime, is characterized by
n important damage by micro-cracking (lateral cracks intersecting
he surface and radial cracks) and (iii) the third one is a micro-
brasive regime and gives birth to many debris, with sometimes
mall lateral cracks along the track.
. Conclusion

The optical measurements and scratch tests on three types of
bsidian, which all present a brittle behaviour, allow the following
onclusions.

[

[

r 266 (2009) 621–626

Three zones on the scratch scar have been identified depending
n the values of Fn in the incremental scratch test:

The micro-ductile zone in which there is no damage.
The micro-cracking zone where subsurface cracks appear but
without any chipping.
The micro-abrasive zone with chipping and much debris in addi-
tion to emerging cracks.

It exists a critical normal load Fnc under which there is no chip-
ing of the obsidian (separation of zones 2 and 3). The detection
f Fnc (chipping apparition) has been made with the incremental
cratch test by a direct observation of the apparition of chipping in
he scratch scar and by substituting the sliding length in the Fn − d
iagram.

The toughness has been evaluated with the constant scratch test
y considering the cracking frequency and its value Kc has been
alculated by applying Griffith’s theory. Obsidian from Nenezi Dag
Ob2) is the toughest one.

Using the spherical indenter, Hertzian cracks have been found.
urthermore, a second pass scratch shows that subsurface matter
ises up to the surface even under low normal load. Without dam-
ge, the friction coefficient is maintained about 0.1 but it can reach
.35 when chipping and cracking occur.
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