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Abstract

The objective of this thesis is to explore the potential of high�temperature indentation tech�

niques in experimental rock deformation� First� microindentation hardness tests using a

pyramid�shaped indenter were performed on olivine and clinopyroxene grains within nat�

ural aggregates� Second� indentation creep experiments using a cylindrical indenter were

employed to investigate the rheological behaviour of an engineering alloy used as an analogue

material with well�known creep properties�

Microindentation hardness tests were performed on di�erently oriented olivine grains at

temperatures between �	 oC and ��� oC� The hardness shows a strong dependence on crystal

orientation� but depends only slightly on temperature� Investigation of the morphology of

the indents revealed linear features in the surface surrounding the indents� These lineations

are interpreted as slip lines� Their orientation with respect to the crystal orientation was

used to infer f���g����� as the predominant slip system during indentation� For this slip

system� a good correlation between hardness and resolved shear stress was found� if loading is

assumed to be compression normal to the pyramid faces of the indent� Indentation hardness

tests are proposed to be useful for the exploration of the low�temperature plasticity regime�

The hardness of members of the clinopyroxene solid solution series with end members jadeite

and diopside was determined at temperatures ranging from ��� oC to 
	� oC� Jadeite is found

to be signi�cantly stronger than diopside in the low�temperature plasticity regime� Normal�

ization of hardness with respect to the shear modulus considerably reduces the strength

contrast� indicating that jadeite and diopside belong to the same isomechanical group� In�

dentation hardness tests on omphacite with a near�intermediate composition revealed a

considerable variability in strength� which is supposed to be related to varitions in the

degree of ordering� exsolution phenomena� or submicroscopic inclusions�

Indentation creep experiments were performed on a TiAl alloy at temperatures between


	� oC and ��	� oC and net section stresses between 	� MPa and ���� MPa� This two�phase

engineering material was used as a model material for a polyphase silicate aggregate� The

stress and temperature dependence of the indentation rate is in good agreement with data

obtained from uniaxial tensile testing on the same material� Investigation of the deformed

volume in front of the indenter revealed a distinct line pattern re�ecting material �ow during

indentation� Also� a simple dislocation model is proposed to explain volume and shape of

the bulge that develops around the indent�

In summery� indentation hardness testing can provide information on the strength anisotropy

of minerals� on the activated slip systems� and on the relative strength of minerals in the low�

�



temperature plasticity regime� The latter can be used to classify minerals into isomechanical

groups� Indentation creep experiments can be applied to obtain creep parameters and to

investigate �ow patterns of non�coaxial deformation� The application of this indentation

method to rock forming minerals appears to be promising�

�



� Introduction

��� Objective and structure of the thesis

The objective of this thesis is to explore the potential of high�temperature indentation

techniques in experimental rock deformation� First� microindentation hardness tests using

a pyramid�shaped indenter were carried out on various minerals� Second� indentation creep

tests with a cylindrical indenter were performed on an engineering alloy that was used as

a model material with well speci�ed creep properties to test this method� which shall be

applied to a polycrystalline silicate aggregate in the future�

The introductory part of this thesis starts with a brief overview of the di�erent approaches

to study the rheological behaviour of rocks including experimental rock deformation� which

is the subject of this work� The following section shows the problems that arise when in�

formation about the mechanical behaviour of rocks obtained from laboratory experiments

is transferred to geological conditions� The �nal part of the introduction deals with vari�

ous kinds of experimental techniques that are used to study the rheology of rocks at high

temperatures�

The body of the thesis comprises three parts� that were originally written as research pa�

pers for publication� The �rst part �Hardness anisotropy and slip systems of olivine in�

vestigated by high�temperature microindentation hardness test� by Doroth�ee Dorner� Martin

Schellewald and Bernhard St�ockhert is submitted for publication to Tectonophysics� It deals

with the orientation dependence of the microhardness of olivine single crystals and uses the

orientation of slip steps on the sample surface to infer slip systems� The second part �An

experimental study on the relative plastic strength of a clinopyroxene solid solution series

using microindentation hardness tests� by Doroth�ee Dorner and Bernhard St�ockhert is pre�

pared for submission to Tectonophysics�� In this paper� microindentation hardness tests on

jadeite and diopside are used to analyse the relative strength of this clinopyroxene solid

solution series� The third part �Creep of a TiAl alloy� a comparison of indentation and

tensile testing� by Doroth�ee Dorner� Klaus R�oller� Birgit Skrotzki� Bernhard St�ockhert and

Gunther Eggeler is submitted to Materials Science and Engineering A�� It compares the

results of indentation creep experiments on a TiAl alloy with those from uniaxial creep tests

on the same material�

Finally� the results of the indentation tests obtained for di�erent materials using di�erent

�Published meanwhile with the title changed to Plastic �ow strength of jadeite and diopside investigated

by microindentation hardness tests� Tectonophysics� Vol� ���� pp� �������� ����
�Published meanwhile	 Materials Science and Engineering A� Vol� �
�� pp� �����
�� ����

�



techniques are summarized with regard to the potential that high�temperature indentation

methods o�er for the investigation of the rheology of rocks�

��� Approaches to rock rheology

Rheology is the branch of physics that deals with the deformation and �ow of materials

�Ranalli� ���
�� Rock rheology studies analyse the response of geological materials to devi�

atoric stresses under various conditions� Modes of failure of rock are localized and ductile

deformation� with the latter denoting distributed deformation �Rutter� ���
�� Another way

of describing rock rheology deals with the microphysical processes during �ow� The deforma�

tion mechanisms can be classi�ed into di�usive mass transport� intracrystalline plasticity

and cataclasis �Rutter� ���
� Paterson� ���
�� Parameters that in�uence the mechanical

behaviour of rocks are temperature� pressure or � more precisely � mean stress� chemical en�

vironment� pore��uid pressure and chemistry� microstructure� among others �e� g� Paterson�

���
� Evans and Kohlstedt� ���	�� Deformation regimes denote ranges of temperature� �ow

stress� and strain rate� where di�erent deformation mechanisms and accompanying processes

dominate �Frost and Ashby� ����� Schmid� ����� Poirier� ���	�� The deformation behaviour

within a speci�ed regime is described by a mechanical equation of state� commonly referred

to as �ow law� The deformation regimes� represented by their �ow laws� are often visual�

ized in deformation mechanism maps that can be used to predict the dominant deformation

mechanisms and the mechanical properties for a speci�ed temperature� �ow stress or strain

rate �Frost and Ashby� ����� Poirier� ���	�� At high stresses and high strain rates� but low

temperatures� the low�temperature plasticity regime is relevant� where dislocation glide is

the predominant mechanism� accompanied by mechanical twinning and cracking� At higher

temperatures and lower stresses and strain rates� deformation takes place in the dislocation

creep regime� where dislocation glide and climb are dominant� accompanied by recrystal�

lization and recovery processes� At even lower stresses and strain rates� di�usive mass

transfer becomes the controlling deformation mechanism in the di�usion creep regime� Dif�

fusion can take place through the crystal volume at higher temperatures �Nabarro�Herring

creep�� along grain boundaries at lower temperatures �Coble creep�� or through a �uid phase

�dissolution�precipitation creep��

There are di�erent but intimately related approaches to study rock rheology respectively

tectonic processes �Carter and Tsenn� ���
� Paterson� ���
� ����� Rutter� ����� Handy

et al�� ������ Geological �eld studies reveal structures in natural rocks indicating defor�

mation by plastic �ow or fracture� These structures are evident from the microscopic to

the global scale� Analysis of naturally deformed rocks yields information about the relative

�



strength of the various constituents of rocks as well as about the activated deformation

mechanisms� Geological �eld studies reveal the deformation history of rocks� that are ex�

humed to the earth surface� In contrast� geophysical �eld studies detect structures that

are related to present day tectonic processes in the interior of the earth at various scales�

The knowledge gained from both geological and geophysical �eld studies is used in simula�

tions of tectonic processes like faulting� folding� rifting� subduction� collision� earthquakes�

and so on� Quantitative numerical modelling of geodynamic processes requires the knowl�

edge of the mechanical properties of the various relevant rocks types �e� g� Handy et al��

������ Strength envelope diagrams �e� g� Kirby� ����� Kohlstedt et al�� ���	�� which allow

quantitative predictions of the strength of the lithosphere� are also based on experimentally

determined constitutive equations� Therefore� experimental rock deformation studies aim

to derive such �ow laws� that describe the mechanical behaviour of rocks under di�erent

physical conditions in terms of e� g� stress or temperature� Furthermore� the microstructures

that develop during experimental deformation are analysed to identify the corresponding de�

formation mechanisms and to compare them with the record of natural rocks �e� g� Schmid�

����� St�ockhert et al�� ����a��

��� Applying laboratory rheological data to geological conditions

Various problems arise when the rheological behaviour of rocks is predicted by extrapo�

lating experimentally derived constitutive equations to natural conditions �Paterson� ���
�

����� Handy et al�� ������ First of all� the time scale of laboratory experiments is short

compared to that of natural plastic deformation of rocks� Therefore� the strain rates in

rock deformation experiments are up to nine orders of magnitude higher than in nature�

Deformation at higher strain rates and comparable stress levels is achieved by applying

higher temperatures compared to natural conditions �Tullis and Tullis� ���
� Rutter� ������

When laboratory data are extrapolated to lower temperatures and natural strain rates� it

has to be guaranteed that the deformation regime is identical and the appropriate �ow law

can be applied� This is done by comparing the microstructures of naturally deformed rocks

with those obtained in laboratory experiments �Schmid� ����� Paterson� ����� Handy et al��

������ Examining the microstructures of naturally deformed rocks� it has to be taken into

account that these structures became frozen in at some time of the rock history� Thus�

the observed microscopic structures possibly re�ect the record of a sequence of deformation

episodes in di�erent deformation regimes �e� g� St�ockhert et al�� ����a�� Also� the defor�

mation microstructures are possibly overprinted by static annealing during exhumation� In

contrast� in rock deformation experiments the microstructures are quenched and can be

	



attributed to speci�ed conditions of temperature� �ow stress and strain rate�

It is commonly assumed that natural rocks deform at thermal� mechanical and structural

steady state when tectonic processes are simulated �Paterson� ������ However� it is ques�

tionable if there is steady state in natural rock deformation �Paterson� ���
�� For example�

transient creep can occur in natural rocks during stress relaxation after earthquakes �e� g�

Trepmann and St�ockhert� ����� ������ Also� it is usually assumed that laboratory ex�

periments take place under steady state conditions� and that the experimentally derived

constitutive equations are valid for steady state deformation� However� large strain torsion

experiments reveal that � strictly speaking � steady state is not reached until large strains

are accumulated �Paterson and Olgaard� ����� Paterson� ������

Natural and experimental rock deformation can di�er in the stress and strain states �Pa�

terson� ������ In nature the stress state can be completely general� whereas in laboratory

experiments� in most cases� cylindrical samples are subject to simple stress states �Tullis

and Tullis� ���
� Paterson� ���
�� In contrast� the stress state in torsion experiments and

in indentation experiments is more complex� Similarly the strain in natural deformed rocks

can be completely general� whereas the strain state in rock deformation experiments is often

simple� Also� the magnitude of strain that can be reached in the laboratory experiments is

usually less than that in naturally deformed rocks �Paterson� ������

Further problems arise in the application of laboratory data to the simulation of tectonic

processes because of the di�erent spatial scales involved in laboratory experiments and

in nature� The results obtained from small laboratory specimens have to be applied to

the large scale of geological formations� which includes extrapolation over several orders of

magnitude� Doing this� it has to be taken into account that large natural rock masses can

include large�scale petrological or structural heterogeneities� which possibly determine the

rheological behaviour of the whole rock mass�

Laboratory experiments are often performed on monomineralic rock samples to enable the

understanding of elementary deformation mechanisms� which requires the analysis of sim�

ple systems� Also� deformation experiments on polyphase rocks are often complicated by

chemical reactions at the high test temperatures �Evans and Kohlstedt� ���	�� Thus� the

rheologies for polyphase aggregates have to be calculated using measured rheologies of the

constituent phases �Tullis et al�� ����� Ji and Zhao� ����� ������ However� polyphase mate�

rials can deform by other mechanisms than monophase materials� For instance� the presence

of phase boundaries between di�erent minerals appears to be prerequisite for e�ective de�

formation by dissolution�precipitation creep �e� g� Schwarz and St�ockhert� ���
� St�ockhert�

������






��� Experimental rock deformation techniques

This section presents rock deformation techniques used to investigate the plastic deformation

behaviour of rocks at high temperatures and� in most cases� simultaneously at high con�ning

pressures� As already pointed out� temperatures in rock deformation experiments have to

be high to attain high strain rates� Additionally� laboratory deformation experiments are

often performed at high pressures not only to reproduce the conditions within the earth but

to suppress brittle failure of rock samples �Tullis and Tullis� ���
� Rutter� ������ Also� high

pressures are required for the investigation of the mechanical behaviour of minerals that are

thermodynamically unstable at low pressures �e� g� St�ockhert and Renner� ������

�
�
� Apparatus used in uniaxial� triaxial� and torsion deformation experi�

ments

Rock deformation experiments at temperatures of up to �	�� oC and particularly at high

con�ning pressures up to ��	 GPa can be performed in a Griggs�type solid medium apparatus

�Tullis and Tullis� ���
�� In this type of deformation apparatus a weak solid is used as

the pressure transmitting medium� Using a solid pressure transmitting medium causes

substantial friction between the moving parts during a deformation experiment resulting

in a low stress resolution� As an alternative to a weak solid� a solid can be used that

is molten under experimental conditions of temperature and pressure� and thus increases

the stress resolution of the deformation apparatus substantially �Green and Borch� �����

Rybacki et al�� ������

Instead of a solid con�ning medium� a gas is used in a gas medium deformation apparatus�

which provides a better stress resolution compared to a solid medium apparatus �Paterson�

��
�� Tullis and Tullis� ���
� Evans and Kohlstedt� ���	�� Since the pressure chamber is

di�cult to seal and more care has to be taken concerning security equipment� the con�ning

pressures are restricted to less than 
�� MPa at temperatures of up to ���� oC� Recently�

gas medium apparatus were upgraded in the way that torsion experiment are possible �e� g�

Paterson and Olgaard� ������ This enables to explore the e�ect of large strains on the

rheological behaviour of rocks �e� g� Bystricky et al�� ����� Mauler et al�� �����

In both solid and gas medium deformation apparatus� the load is commonly applied using

a servohydraulically driven piston� This allows constant strain rate testing as well as creep

tests at constant load� In contrast� in a ��atmosphere creep rig or dead�load creep apparatus

�e� g� Mackwell et al�� ����a� Wang et al�� ���
a�b� Dimanov et al�� ����� the load is applied

by placing �dead� weights on top of the piston� It is operated at atmospheric pressure and






at temperatures of up to �
�� oC� Additionally� the oxygen fugucity of the atmosphere is

often controlled� Oxygen fugacity is one controlling factor of the point defect concentration�

which in turn in�uences the rheological behaviour of minerals �e� g� Poumellec and Jaoul�

����� Ricoult and Kohlstedt� ���	� Karato� ����� Mackwell et al�� ����b� Bai et al�� ������

Dead�load creep apparatus are simple to operate and used for long term creep experiments�

�
�
� Indentation hardness tests and indentation creep tests

Two types of indentation techniques are explored in this thesis� The �rst approach is

microindentation hardness tests on minerals� Indentation hardness tests are very common in

materials science engineering to characterize the strength of solids �e� g� Standard DIN	�����

���	� Tabor� ��	�� Blumenauer� ������ since they are simple and little e�ort is required for

sample preparation� Microindentation hardness tests are suitable to investigate the local

deformation behaviour of materials� e� g� of thin �lms or particles in composites� For studies

on the rheological behaviour of rocks this means that microindentation hardness tests can

be performed on selected millimeter�sized grains within natural polyphase rocks� Scratch

hardness tests are well known in geosciences from the Mohs hardness scale� Indentation

hardness tests are also applied in geosciences� primarily for the identi�cation of ore minerals�

Moreover� some studies exist that investigate the mechanical behaviour of silicates using

indentation hardness tests �Brace� ��
�� ��
�� ��
�� Evans and Goetze� ��
�� Evans� �����

Darot et al�� ���	� Karato et al�� ���	a�� In indentation hardness tests� an indenter that

is harder than the material to be tested is pressed vertically into the sample material� A

corresponding hardness number is usually obtained by dividing the applied force by the size

of the indent� The exact de�nition of the hardness number is dependent on the indenter

geometry� A widespread indenter geometry� which is also used in this work� is a square�

based pyramid called Vickers indenter� The corresponding Vickers hardness H is de�ned as

the applied force F divided by the area A of the generated indent� H�F�A� Other common

indenter geometries are spheres �Brinell hardness�� cones �Rockwell hardness� and rhombus�

based pyramids �Knoop hardness�� Generally� a hardness test comprises the following steps�

��� loading of the indenter until a speci�ed maximum load is reached� ��� keeping the

maximum load for a speci�ed time period of usually �� s� and ��� unloading the sample�

For this type of deformation experiment� it is not straightforward to relate the deformation

to a speci�ed �ow stress and strain rate� In fact� the corresponding stress and strain �elds

are very complex in space and time �Tabor� ��	�� ��
�� ���
� Chiang et al�� ����� Samuels�

���
��

The second indentation technique that is dealt with in this work is indentation creep testing

�



using a cylindrical indenter� Such creep tests are used in materials science engineering to

study the local mechanical behaviour of materials �Li� ������ Compared to other indenter

geometries� indentation testing with cylindrical indenters can provide steady�state results

and is simpler in analysis and simulation �Li� ������ In geosciences� one study exists that

uses this test geometry to analyse the development of preferred orientations in non�coaxial

deformation �Kunze and Av�e Lallemant� ������ However� so far indentation creep testing

has not been employed to investigate the mechanical behaviour of rocks and to derive �ow

law parameters� On part of this thesis investigates the indentation creep behaviour of

an engineering alloy with a complex microstructure and well�de�ned �ow properties� The

material serves as a model material for a polyphase silicate aggregates� which will be studied

in a next step�

�



� Hardness anisotropy and slip systems of olivine

investigated by high�temperature microindentation

hardness tests

��� Abstract

High�temperature microindentation hardness tests have been performed at temperatures

between �	 oC and ��� oC on di�erently oriented olivine grains within a natural peridotite�

The hardness shows a strong dependence on crystal orientation� but depends only slightly on

temperature� From the orientation of slip lines around the indents� f���g����� was inferred

as the predominent slip system in the indentation process� For this slip system� Schmid

and Brookes factors were calculated to correlate the hardness with the resolved shear stress

on the activated slip system� A good correlation was found� if loading is assumed to be

compression normal to the pyramid faces of the indent� Indentation hardness tests are

proposed to be useful for the exploration of low�temperature plasticity�

��� Introduction

High�temperature microindentation hardness studies on minerals are rare

�Westbrook� ��	
� Evans and Goetze� ��
�� Evans� ����� Darot et al�� ���	� Kollenberg�

���
� Karato et al�� ���	b�� However� microindentation techniques o�er some advantages

compared to other rock deformation methods� ��� deformation experiments can be per�

formed on natural rock specimens with small grain size� ��� sample preparation is simple�

and ��� a signi�cant number of experiments can be done within a short period of time�

Indentation hardness tests are particularly useful for comparative studies of the strength of

minerals� For example� variations of hardness with composition� chemical environment or

temperature might be studied� Since microindentation tests are performed on single crys�

tals� hardness anisotropy needs to be considered before the relative strength of minerals can

be compared�

This study explores the e�ect of crystal orientation and temperature on the indentation

hardness� The morphology of the indents revealing slip lines allows slip systems activated

in the indentation process to be derived� This information in turn is used to correlate the

hardness data with the resolved shear stress on the activated slip system� Olivine was chosen

as the sample material� because it is well studied owing to its importance for the rheology

of the upper mantle� hence allowing the comparison of results obtained in various studies�

��



��� Method and material

�
�
� De�nition of hardness

The hardness of a solid is usually understood as its resistance to local deformation �Tabor�

��
�� ���
�� For a square�based diamond pyramid indenter� referred to as Vickers indenter�

a quantitative value of the hardness H is de�ned as the force F applied on the specimen

divided by the pyramidal area A of the indent �e�g� Tabor� ��
���

H �
F

A
�

For the Vickers indenter the angle between opposite faces of the pyramid is ��
o� Thus� the

hardness can be given as

H � ���	� �
F

d�
�

with d denoting the diagonal diameter of the indent� In this study the mean length of the

two indent diagonals is used to determine the hardness�

�
�
� Apparatus

The microindentation apparatus used �Fig� �� allows indentation tests to be performed at

temperatures of up to ��� oC in a vacuum of ���� mbar �L�uhrig� ����� Berns and L�uhrig�

������ The specimen is �xed on an xy�stage� which can be positioned alternatively under

a microscope or under a loading system� Loading is done with a piezo�translator that

drives a Vickers indenter in �� nm steps into the sample surface� A load cell measures

the applied load� The specimen and the indenter are independently heated with radiation

heaters made from tantalum foils �Fig� ��� The temperatures are measured with two PtRh�

Pt thermocouples� one of which is welded to the indenter near the diamond pyramid and

the other to the sample holder next to the specimen�

�
�
� Sample preparation� experimental procedure and analytical methods

Natural peridotite slabs with a thickness of about ����m� which is about ��� times the

indentation depth� were polished mechanically and chemically with colloidal silica� This

choice of sample thickness is a compromise to make sure that the indents are not a�ected

by the lower sample surface� while the samples remain transparent to light to enable ex�

amination by optical microscopy� Specimens with a diameter of 
 mm were diamond�cored

from these slabs�

��
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Figure �� Scheme of the high�temperature microinden�
tation apparatus�

diamond
pyramid thermo-

couples

6 mm

tantalum
heater

specimen

indenter

sample
holder
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assembly�

Specimen and indenter are simultaneously heated to the same temperature� The spots to

be analysed are �rst selected with the microscope� Then the specimen is positioned under

the loading system� The specimen is loaded with a constant displacement rate of ��
�ms��

to a force of ��	 N� A period of �� s at constant load follows� The unloading is done with the

same displacement rate as the loading� About �� indents are generated in a single grain at

the speci�ed conditions� The distance between the individual indents is at least three times

the indent diagonal length �����	�m�� The same distance is kept from grain boundaries�

microfractures� and other discontinuities�

Besides the applied force� the lengths of the diagonals of the indents need to be determined

to calculate the hardness� A scanning electron microscope �SEM� is used to measure these

lengths and to study the morphology of the indents� The crystal orientation is determined

by electron backscatter di�raction �EBSD� Prior et al�� ������

�
�
� Sample material

Microindentation hardness tests were performed on selected olivine grains of a mantle peri�

dotite from the Finero complex� Ivrea zone� Western Alps �e�g� Duyster and St�ockhert�

������ The peridotite contains �	 � olivine� �� � orthopyroxene and up to 	 � of phlogo�

pite and opaque minerals� The grain size of the olivine is in the order of a millimeter� The

chemical composition of the olivine is Mg���Fe���SiO� determined by energy dispersive x�ray

analysis �EDAX��

The type and concentration of water�related defects in the olivine crystals used for the

��



indentation tests were investigated by Fourier�Transform�Infrared spectroscopy �FTIR� at

room temperature� The IR�microscope attached to a Bruker Spectrometer IFS �� provides a

spatial resolution of about ����m for the ����m thick polished slabs� the limit of detection

is about ����	 mole H�l for broadband absorption �e�g� Aines and Rossman� ����� Paterson�

������ The spot analysis revealed that water and water�related defects are inhomogeneously

distributed� Within the limits of spatial resolution� signi�cant concentrations of water and

water�related defects appear to be restricted to grain boundaries and microcracks� while

the concentrations remain below the limit of detection in the interior of the clear olivine

crystals �Fig� �� spectrum a�� In regions of higher concentration� two broad absorption

bands are centered at about �
�	 cm�� and �
	� cm�� �Fig� �� spectra b and c�� These

bands are characteristic of serpentine �Miller et al�� ���
�� which presumably has formed as

an alteration product of olivine along microcracks and grain boundaries� The indentation

tests were carried out in the interior of clear crystals� Thus� the e�ect of water and water�

related defects �Mei and Kohlstedt� ����a�b� Bai et al�� ���
� Mackwell et al�� ���	� on the

indentation hardness of olivine cannot be quanti�ed since potential variations in the water

content are below the detection limit�
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Figure �� Room temperature FTIR spectra for olivine used for the microinden�
tation tests� The spectra a� b and c are for di�erent spots in the same crystals
showing the variation in type and concentration of water�related defects�
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��� Results

�
�
� Mechanical data

Microindentation hardness tests were performed at various temperatures between room tem�

perature and ��� oC on twelve olivine crystals with di�erent orientations �Fig� �� Tab� ���

The tested crystal orientations were selected by chance in contrast to studies on oriented

single crystals �Evans and Goetze� ��
�� Darot et al�� ���	� Karato et al�� ���	b�� Addi�

tionally� some tests were performed with di�erent indenter orientations on the same crystal�

The quoted hardness data represent the means obtained from about �	 indents generated

at each speci�ed set of conditions�
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Figure �� Hardness of olivine as a function of temperature� The experiments
were performed on crystals with di�erent orientations �Tab� ��� Capital let�
ters added to the sample number indicate experiments with the same crystal
orientation but with the indenter rotated� If the hardness values are nearly
identical� only orientation A is displayed� A linear �t of data from Evans and
Goetze ���
�� is included for comparison�

In the investigated temperature range of �	 oC to 
	� oC� corresponding to homologous

temperatures of ���� to ���
� the measured hardness ranges from ��
 GPa to ���� GPa �Fig� ��

Tab� ��� For a given orientation� the hardness shows a moderate dependence on temperature

��



Table �� Compilation of hardness data and crystal orientation� Hardness data
are the means and standard deviations of about �	 individual measurements�
The crystal orientation is given as the azimuth and dip of ������ ������ �����
respectively with respect to the indent diagonals� The azimuth is ambiguous�
because of the fourfold symmetry axis of the indent� Crystal orientations of
Evans and Goetze ���
�� and Phakey et al� ���
�� are also included ��� values
not given��

experi� temperature hardness ����� ����� �����
ment 	oC
 	GPa
 azimuth dip azimuth dip azimuth dip
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� � � � � � �
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�Fig� 	�� It decreases by only about 	 MPaK�� with increasing temperature� The hardness

obtained at the same temperature but for di�erent crystal orientations di�ers by up to

�	



�	 � indicating a strong dependence on crystal orientation �Fig� �� Tab� ��� Rotation of the

indenter for the crystal orientations do�� and do�� resulted in hardness variations of up to

�� � �Fig� 
� Tab� ��� For other crystal orientations we observed no variation �do��� do���

do�
� Fig� 
� Tab� ��� Thus� the indenter orientation has an in�uence on hardness only for

certain crystal orientations�
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Figure 	� Hardness versus temperature for two di�erent samples� The tem�
perature dependence of the hardness is moderate with about �	 MPaK���
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Figure 
� Hardness versus indenter orientation for two di�erent crystal orien�
tations� The angle between the direction of the indent diagonal and the �����
direction is labeled �� Only for some crystal orientations the hardness depends
on the indenter orientation�
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�
�
� Morphology of indents

Cracks are visible around most of the indents �Fig� 
�� The involved crack energy can be

estimated by assuming the generation of two half�penny shaped cracks �Marshall and Lawn�

���
� with a diagonal length of about ������m� With a speci�c fracture surface energy for

olivine of approximately � Jm�� �Swain and Atkinson� ��
�� the crack energy is about � nJ�

From recorded force�displacement curves� the inelastic energy of the indentation process is

determined to be about ��� nJ� Thus� the fraction of the inelastic energy used for the crack

generation is negligible and therefore crack generation is not considered in detail in this

study�

In nine of the twelve tested samples� sets of parallel linear features are visible on the surface

around the indents �Fig� 
a�� Their occurrence and geometry were found to be dependent on

the crystal orientation �Figs� 
b� 
c�� but independent on the indenter orientation �Figs� 
d�


e�� These lineations are interpreted as slip lines� re�ecting the slip systems activated

during the indentation process� Slip lines are steps on a surface generated by localization of

dislocation glide on certain crystal planes� provided that the slip direction is inclined to the

surface �Fig� ��� Slip lines in minerals around indents were also observed by Brace ���
��

and Kollenberg �������

The orientation of the slip lines on the sample surface� representing the traces of the slip

plane� were measured on crystals with various orientations to derive the activated slip plane�

Displaying these orientations with respect to the crystal orientation unambiguously reveals

f���g as the predominant slip plane �Fig� ��� The corresponding slip direction cannot be

directly identi�ed by this method� However� all data points clearly lying on the trace of f���g

include angles ���o with the ����� direction� Since slip lines require that the slip direction

is inclined to the sample surface� we suggest ����� as the corresponding slip direction� The

length of the Burgers vector in this direction is ��� �A� and low compared to other possible

slip directions in the f���g slip plane� Thus� f���g����� is proposed as the predominant slip

system activated in the indentation process� This slip system was also identi�ed by optical

microscopy �Raleigh� ��
�� Carter and Av�e Lallemant� ��
�� and by transmission electron

microscopy �Phakey et al�� ��
��� Other slip planes cannot be identi�ed �Fig� ��� although

some of the data points may be consistent with f�klg pencil glide or the ����� slip plane�

which were both considered as possible in olivine by Poirier ���
	� and also observed in the

studies cited above� Some data points could also be consistent with the f���g slip plane�

but this is not a likely slip plane �Poirier� ��
	��

��
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Figure 
� SEM images of indents in olivine crystals with slip lines and cracks� The occurrence
of the slip lines is dependent on crystal orientation �Figs� 
b� 
c�� The orientation of the
slip lines is not in�uenced by indenter orientation �Figs� 
d� 
e�� a� Oblique view �do�
�

�� oC�� Slip lines and cracks� b� Crystal orientation with slip lines �do�
� 
�� oC�� c�
Crystal orientation without slip lines �do��� 
�� oC�� d� Slip lines �do��A� 
�� oC�� e� Crystal
orientation identical to that in Fig� 
d �do��B� 
�� oC�� but with the indenter rotated by
approximately �	o�
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Figure �� Scheme of slip lines� Glide of dislocations on slip planes in the
slip direction can produce steps on the sample surface provided that the slip
direction is inclined to the sample surface� These steps can be visible at the
sample surface as linear features�
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Figure �� Orientation of slip lines and corresponding slip planes with respect
to the crystal orientation� Compilation from all experiments where slip lines
are visible� For de�nition of symbols refer to Fig� ��� Stereographic projection�
lower hemisphere� equal angle�
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��� Discussion

�
�
� Hardness anisotropy

The orientation dependence of the indentation hardness of olivine was analysed using three

di�erent models� Models A and B are based on the Schmid equation �Schmid and Boas�

��	��

� �
F

A
cos� cos� �

with � denoting the resolved shear stress� F the force applied on the area A� � the angle

between the loading direction and the slip direction� and � the angle between the loading

direction and the normal to the slip plane� Brookes et al� ���
�� extended the Schmid

equation taking into account constraints concerning the rotation of slip planes� They stated

that the �e�ective resolved shear stress �e on a slip system is a minimum if the axis of

rotation of a slip plane is normal to an indent facet and a maximum if this axis is parallel

to the facet� Model C is based on their �e�ective resolved shear stress equation 

�e �
�

�
�
F

A
� cos� cos� �cos� ! sin 	� �

with � denoting the angle between the indent facet and the axis of rotation of the slip

plane� and 	 the angle between the indent facet and the slip direction� For each model the

hardness was correlated with a factor that gives the fraction of the applied stress that is

e�ective on the slip plane in the direction of slip� For models A and B� this is the Schmid

factor S � cos� cos�� whereas for model C it is B � �
�
� cos� cos� �cos� ! sin 	�� here

named Brookes factor analogous to the Schmid factor� These factors were calculated for

the f���g����� slip system identi�ed earlier by the analysis of the slip lines� Furthermore�

for the determination of the Schmid and the Brookes factor the loading direction has to be

de�ned� As a �rst approximation� Model A assumes the direction of loading to be normal to

the sample surface� This assumption does not take into account the indenter geometry and

the orientation of the pyramid faces of the Vickers indenter� and therefore cannot explain

variations in hardness with the rotation of the indenter� Thus� Schmid factors for model

B and Brookes factors for model C were calculated assuming that loading is compression

normal to the pyramid faces of the indent� Additionally� loading being tension parallel to

the pyramid faces as proposed by Brookes et al� ���
�� was also considered� For model

A� we obtain two Schmid factors� because f���g comprises two individual slip planes� In

this case� the hardness is correlated with the higher of the two Schmid factors� This seems

reasonable� because if slip starts on the slip plane with the higher resolved shear stress� the

resolved stress on the other slip plane cannot increase and the value of the Schmid factor

for this plane is no longer important� For models B and C� eight individual Schmid and

��



Brookes factors respectively are determined as the four pyramid faces of an indent give four

di�erent loading directions in addition to the two slip planes� In this case� a mean Schmid

or Brookes factor is obtained by� ��� determining the two factors for each of the pyramid

faces� ��� selecting the higher of the two values for each face as in the case of model A� and

��� calculating the mean of these four factors�

All three models yield similar results �Fig� ���� The hardness decreases with increasing

Schmid or Brookes factor with the best correlation at temperatures of ��� oC to �	� oC�

A high factor means a high resolved shear stress on the considered slip plane in the slip

direction� Thus� the crystal is in an easy slip orientation and the obtained hardness is

low� The good correlation of hardness and Schmid or Brookes factor supports f���g�����

as the predominant slip system� as derived from the orientation of the slip lines� The

fact that the correlation of hardness and Schmid or Brookes factor becomes worse at higher

temperatures indicates that at temperatures of about 
�� oC the slip system f���g����� may

no longer predominate� and that other slip systems might become activated� Activation of

other slip systems at higher temperatures is reported in other studies �Raleigh� ��
�� Carter

and Av�e Lallemant� ��
�� Phakey et al�� ��
��� although not below ���� oC� These high�

temperature slip systems include f�klg������ ���������� and �����������

For the simple model A� assuming loading normal to the sample surface� the correlation

between hardness and Schmid factor is nearly as good as for models B and C� Thus� this

assumption provides a good approximation to the real load distribution� although it neglects

the indenter geometry and orientation� This is considered as reasonable in view of the small

angle of ��o between the sample surface and the indenter facets�

Models B and C both seem equally suitable to explain the dependence of hardness on

crystal orientation� The additional constraint of model C does not improve the quality of

the correlation of hardness and Schmid or Brookes factor� If the experiments with variable

indenter orientation �do��� do��� do�
� do��� do��� are compared� model B re�ects the

variations in hardness slightly better than model C� These experiments were performed at

higher temperatures� however� where the correlation of hardness with the Schmid or Brookes

factor for f���g����� slip becomes worse and other slip systems might become important�

The assumption of loading being tension parallel to the pyramid faces yields neither a

correlation for hardness with the Schmid factor nor the Brookes factor� Thus� we conclude

that in our experiments hardness anisotropy cannot be explained assuming that the e�ective

loading direction is tension parallel to the pyramid faces�

��



�
�
� Deformation regime

Low�temperature plasticity is the deformation regime accessible with indentation hardness

test� This is evident from estimates on yield stress and strain rate� and from the temperature

dependence of the hardness�

For a rigid�plastic material� the uniaxial yield stress 
y in compression is related to the

hardness H as

H � C 
y �

where C is a constraint factor with a value of about � �e�g� Tabor� ��
�� ���
�� Johnson

���
�� derived a formula relating hardness and yield stress considering an elastic�plastic

material that is indented by a cone� For a Poisson ratio of ���	 it is

H �
�

�

�
� ! ln

�
�

�

E


y
tan� !

�

�

��

y �

where E is the Young s modulus and � the angle between the sample surface and the indenter

facet� This relation is also used for a Vickers pyramid indenter with �� ���
o� which is the

angle of a cone which replaces the same volume as the Vickers pyramid �Johnson� ��
���

Assuming E � �
� GPa for olivine� this relation gives yield stresses of ��
 GPa to ��
 GPa

for the measured hardness values of ��
 GPa to ���� GPa�

For materials that work�harden during indentation� the hardness�derived yield stress cor�

responds to an e�ective strain of ���� to ���� �Tabor� ��
�� ���
�� With this strain and

considering that the time scale of the indentation process is �� s� a very high strain rate on

the order of ���� s�� is obtained�

The only moderate temperature dependence of the hardness indicates that thermally ac�

tivated processes like di�usion are not important in the indentation process� The high

hardness�derived yield stresses combined with the high strain rate lead to the conclusion

that low�temperature plasticity is the deformation regime accessible with indentation hard�

ness tests� This assumption is supported by the occurrence of slip lines indicative of glide�

controlled deformation�

The microstructural record of natural rocks indicates that deformation in the low�tempera�

ture plasticity regime is widespread in the upper crust �e�g� McLaren and Hobbs� ��
��

Groshong� ����� Blenkinsop and Drury� ����� Lloyd and Knipe� ����� St�ockhert et al��

����b� Lloyd� ������ It can also be important in the uppermost plastosphere �Scholz� ������

where synseismic loading during major earthquakes at the lower termination of crustal fault

zones causes very high stress magnitudes and short term plastic deformation at high strain

��



rates �K�uster and St�ockhert� ����� Trepmann and St�ockhert� ����� ������ Recently� the low�

temperature plasticity regime was considered in studies modelling the formation of shear

zones �Kameyama et al�� ����� or the deformation of subducting slabs �Karato et al�� ������

�
�
� Comparison with other studies

High�temperature hardness data for olivine from Evans and Goetze ���
�� are included in

Fig� �� They are generally consistent with the results of this study� The crystal orientation

tested by Evans and Goetze ���
�� resembles mostly our orientations do��� do�� and do��

�Tab� ��� If the data are compared considering these crystal orientations� we �nd a good

agreement at about ��� oC� At about 
�� oC the hardness values of Evans and Goetze ���
��

are lower than those obtained in our tests� Evans and Goetze ���
�� applied a constant load

for �	 s� compared to �� s in our study� This allows more time for creep deformation� which

possibly yields larger indents and thus a lower hardness� Since creep is e�ective at higher

temperatures� this could explain why the discrepency is restricted to these conditions�

We also compared our hardness data to mechanical data that were obtained by Phakey

et al� ���
�� in triaxial deformation experiments performed on cylindrical samples of olivine

single crystals� At ��� oC� they observed a signi�cant e�ect of orientation on �ow stress�

Their strongest crystal orientation B is similar to our strong orientations do��� do�� and

do��� and their weakest orientation A is close to our weak orientation do�� �Tab� ��� The

good correlation of the results obtained in indentation hardness tests and in uniaxial or

triaxial deformation experiments on cylindrical samples outlines the potential of indentation

hardness tests for the acquisition of mechanical data�

��� Conclusions

High�temperature microindentation hardness tests on olivine grains within a natural peri�

dotite show that�

��� Microindentation hardness of olivine depends strongly on crystal orientation�

��� Hardness of olivine depends only moderately on temperature at homologeous temper�

atures between ���� and ���
� The hardness�derived yield stresses and the corresponding

strain rate are very high� This con�rms that indentation hardness tests access the low�

temperature plasticity regime�

��� Slip lines are observed on the surface around the indents� The analysis of their ori�

entation allows the determination of the activated slip plane� f���g����� was inferred as

the predominant slip system at low temperatures� while other slip systems might become

��



activated at temperatures above 
�� oC�

��� Schmid and Brookes factors� which relate the shear stress resolved on the slip system

to the applied load� were determined for three models� taking f���g����� as the activated

slip system� Models assuming the loading direction to be compression normal to the pyra�

mid faces and normal to the sample surface respectively reveal a good correlation between

hardness and Schmid or Brookes factor� In contrast� no correlation is obtained if loading is

assumed to be tension parallel to the pyramid faces�

�	� In general� microindentation hardness tests on rock�forming minerals can provide infor�

mation on the activation of slip systems as a function of temperature and on the strength of

minerals in the low�temperature plasticity regime� The small required sample size and the

use of natural inhomogeneous and polyphase material render this method a powerful tool to

compare the strength of di�erent mineral phases and to explore the in�uence of composition

on strength�

�	
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Figure ��� Hardness as a function of Schmid or Brookes factor for three di�erent models�
and three temperature ranges each� a� Model A� Correlation of hardness H and Schmid
factor S according to the Schmid equation� The loading direction is assumed to be normal
to the sample surface� Schmid factors were calculated for the f���g����� slip system� In
each case the higher of the two factors is displayed� b� Model B� Correlation of hardness H
and Schmid factor S according to the Schmid equation� The loading direction is assumed
to be normal to each of the pyramid faces of the indent� Schmid factors were calculated for
the f���g����� slip system� For each of the four pyramid faces the higher of the two Schmid
factors was selected� The mean of these four values is shown in the diagrams� c� Model
C� Like model B� except that Brookes factors B were calculated according to the e�ective
resolved shear stress equation �cf� text��
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� An experimental study on the relative plastic

strength of a clinopyroxene solid solution series

using microindentation hardness tests

��� Abstract

Microindentation hardness tests were performed on the clinopyroxene end members jadeite

and diopside as well as on omphacite solid solutions� At temperatures between ��� oC and


	� oC the hardness of jadeite ranges from 
�� GPa to ��	 GPa� that of diopside from ��� GPa

to 
�� GPa� This reveals that jadeite is signi�cantly stronger in the low�temperature plas�

ticity regime than diopside� Normalization of the hardness data with respect to the shear

modulus considerably reduces the strength contrast� indicating that jadeite and diopside be�

long to the same isomechanical group� For omphacite� a considerable variability in strength

is observed� which may be related to varitions in the degree of ordering� exsolution phenom�

ena� or submicroscopic inclusions�

��� Introduction

The principle advantages of indentation hardness tests in experimental rock deformation

�Brace� ��
�� ��
�� ��
�� Evans and Goetze� ��
�� Evans� ����� Darot et al�� ���	� Karato

et al�� ���	a� are that the samples can be very small and that preparation is simple compared

to conventional uniaxial or triaxial deformation experiments� Microindentation hardness

tests can thus be performed on selected millimeter�sized grains within natural polyphase

rocks or on �ne�grained aggregates� This opens a wide �eld of potential applications� For

instance� the relation between strength and crystallographic orientation of the individual

crystal can be explored� including analysis of the activated glide systems �Dorner et al�� in

review�� More important� indentation tests can be used to study the rheology of minerals

which are di�cult to synthesize and which are not available as natural monophase rocks with

appropriate purity and grain size to be used in conventional rock deformation experiments�

This is particularly true for solid solution series� where the mechanical properties may be

a strong function of composition� as anticipated for important rock�forming minerals as

feldspars� pyroxenes� and amphiboles�

In the present study we use high�temperature microindentation hardness tests to explore the

relative strength of members of a clinopyroxene solid solution series as a function of compo�

sition� First� the hardness of the end members jadeite NaAlSi�O� and diopside CaMgSi�O�

�




is determined� Then� the hardness of omphacite crystals with an intermediate composition

near Na���Ca���Al���Mg���Si�O� along the solid solution series is investigated� Insight into

the mechanical properties of this sodic clinopyroxene solid solution series is important� as

omphacite controls the strength and �ow properties of subducted oceanic crust once trans�

formed to eclogite� and the strength of the uppermost layer of the subducted lithosphere

provides an upper bound to interplate shear stress �e� g� Piepenbreier and St�ockhert� ������

��� De�nition of hardness

Qualitatively� hardness means the resistance of a solid to local deformation �Tabor� ��
��

���
�� In indentation hardness tests an indenter� that is harder than the material to be

tested� is pressed vertically into the sample material� A quantitative measure of the hardness

H is then obtained by dividing the force F acting on the indenter by a characteristic area

A�

H �
F

A
� ���

Thus the dimension of the hardness �Pascal� is that of a normalized force as that of pressure

or stress� For a square�based diamond pyramid indenter with an angle of ��
o between the

opposite pyramid faces the area A is taken as the contact area between indenter and sample�

For this Vickers geometry� using the indent diagonal d� the hardness number is de�ned by

H � ���	� �
F

d�
� ���

��� Apparatus and experimental procedure

The apparatus used for the high�temperature microindentation hardness tests of the present

study was described by L�uhrig ������ and Berns and L�uhrig ������� The sample chamber

can be evacuated to a pressure of about ��� Pa� The specimen is �xed on an xy�stage� which

can be alternatively positioned under a microscope or under the loading column �Fig� ��a��

Both specimen and indenter are independently heated with tantalum foil radiation heaters

�Fig� ��b�� Two PtRh�Pt thermocouples are used to measure the temperature of the speci�

men respectively the indenter� One thermocouple is welded to the indenter near the diamond

pyramid� the other is welded to the sample holder next to the specimen �Fig� ��b�� The

temperature is controlled to within �� oC� Since the sample holder has a high thermal con�

ductivity and the samples are only about ����m thick� thermal gradients are assumed to

be negligible� Therefore� the inaccuracy of the temperature that results from measuring the

sample temperature on the sample holder is supposed to be small� The load is applied with

��



a piezo�translator that drives a diamond Vickers indenter in steps of �� nm into the sample

surface� The load is measured with a load cell that is part of the loading column�

78 cm

indenter

loading
system

specimen

xy-stage

microscope
camera

vacuum
chamber

6 mm

diamond
pyramid

thermo-
couples

tantalum
heater specimen

indenter

sample
holder

a) b)

Figure ��� a� High�temperature microindentation apparatus� b� Sample assembly�

At the beginning of each experiment both specimen and indenter are heated to the same

temperature� After selecting the spots to be used for the indentation test under the micro�

scope� the specimen is automatically positioned under the loading system� The indenter is

advancent with a constant velocity of ��
�ms�� until being loaded with a force of ��	 N�

Then� the load is held constant for a period of �� s� The specimen is unloaded using the same

indenter velocity as for the loading� About �� indents are generated in a single grain at the

speci�ed test conditions� The distance between the individual indents is at least three times

their diagonal diameter of about ���m to ���m� The same minimum distance is kept from

grain boundaries� microfractures� and other discontinuities� A scanning electron microscope

�SEM� Leo �	�� Gemini� operated at 	 kV� is used to measure the diagonal diameter and to

study the morphology of the indents� The crystallographic orientation of the tested crystals

is determined by electron backscatter di�raction �EBSD� Prior et al�� ������

��� Sample material

The indentation hardness tests were performed on selected jadeite� diopside� and om�

phacite grains within natural aggregates� For jadeite� a jadeite�quarzite from Parigi� Dora

Maira Massif� Western Alps with number ���
� of the Mineralogical Collection of the

Ruhr�University Bochum �MCRUB� was used� The chemical composition of this jadeite

is Na���Ca���Al���Fe���Si�O� as determined by energy dispersive X�ray analysis� For diop�

side� a calcsilicate fels specimen ����
�� MCRUB� collected in a quarry �� km north�

east from Garies� Namaqua Land� South Africa� was used� The chemical composition of

��



the diopside is Ca���Mg���Al���Fe���Si�O�� Two di�erent omphacites were used� referred

to as omphacite I and II� Omphacite I is from an eclogite of Cabo Ortegal� north�west

Spain ������� MCRUB�� Omphacite II is from an eclogite of the Sesia zone� Western Alps

�ST��� collection of B�S��� The chemical composition of omphacite I and II are both near

Na���Ca���Al���Mg���Fe���Si�O�� with slight inhomogeneities� The grain size of all tested

minerals is about � mm to � mm�

Slabs with a thickness of about ����m� which is about ��� times the indentation depth� were

polished mechanically and chemically with colloidal silica� The thickness of the slabs is a

compromise to make sure that the indents are not a�ected by the lower sample surface� while

the samples remain translucent to enable examination by optical microscopy� Disc�shaped

samples with a diameter of 
 mm were diamond�cored from these slabs�

��� Results

�
	
� Indentation hardness of jadeite and diopside

The microindentation hardness tests were performed at temperatures T between ��� oC and


	� oC �Fig� ��� Tab� ��� For jadeite with a melting temperature Tm of ���� oC at a pressure

of ��� MPa �Bell� ��
�� these temperatures correspond to homologous temperatures T�Tm

of ���� to ��
	� For diopside with a melting temperature of ���� oC at ��� MPa �Williams

and Kennedy� ��
�� the test temperatures correspond to homologous temperatures of ����

to ��
�� The quoted hardness data represent the mean and the standard deviation obtained

from about �	 single indents generated at identical test conditions and within the same

grain� Three jadeite and three diopside crystals with di�erent and mutually corresponding

orientations �Tab� �� were tested� For jadeite the determined hardness ranges from 
�� GPa

to ��	 GPa� for diopside from ��� GPa to 
�� GPa� Thus� the hardness of jadeite is found

to be ��� to ��� higher than that of diopside for a given temperature and a similar

crystal orientation� Both the jadeite and the diopside hardness data depend only weakly on

temperature with a gradient of dH�dT � �� MPa�K� Also� the variation of hardness with

crystal orientation is mostly within the experimental errors�

�
	
� Hardness tests on omphacite

In order to analyse if an intermediate chemical composition yields also an intermediate

strength� we also performed microindentation hardness tests on two di�erent omphacites

�labeled I and II�� both with a near intermediate composition� All hardness data fall inbe�

��
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Figure ��� Hardeness H of jadeite �Samples dj�� dj�� dj�� and diopside �Sam�
ples dd�� dd�� dd�� as a function of temperature T� The tests were performed
on three di�erently oriented jadeite respectively diopside crystals with corre�
sponding jadeite and diopside orientations �Tab� ��� Experiments with similar
crystal orientations are indicated by symbols that are �lled in the same part
�right� lower� left��

tween the bonds given by the results on jadeite and diopside� but show a high and apparently

unsystematic variability� At temperatures between ��� oC and about 	�� oC� the hardness

obtained for omphacite I �Samples dp� and dp�� is comparable to that of jadeite �Fig� ���

Tab� ��� The determined hardness varies from ��� GPa to ��� GPa� In the same temperature

range� the hardness data of omphacite II �Samples dp�� dp��� dp��� dp��� reveal a great

variability� These hardness values cover the whole range between the hardness data for

jadeite and diopside ranging from 	�� GPa to 
�
 GPa �Fig� ��� Tab� ��� Thus� omphacite II

yields a lower hardness than omphacite I� The hardness of omphacite II shows no systematic

dependence on temperature or crystal orientation� For example� in one case at ��� oC two

samples �dp�� and dp��� have a comparable hardness� whereas at 	�� oC these two samples

show a great di�erence in hardness with one �dp��� being comparable to that of jadeite and

the other one �dp��� to that of diopside� In contrast� the hardness of two other samples

�dp�� and dp��� di�er at ��� oC� whereas they show a comparable hardness at 	�� oC�

��



Table �� Compilation of hardness data for jadeite �Samples dj�� dj�� dj�� and
diopside �Samples dd�� dd�� dd��� The given hardness data are the mean and
the standard deviation of about �	 individual measurements at the same tests
conditions and within the same grain�

Sample Temperature �oC� Hardness �GPa�

dj� ��� ��� � ���
	�� 
�
 � ��	

dj� ��� ��� � ���
	�� 
�� � ���

�� 
�� � ���

dj� �	� ��	 � ��	
		� 
�
 � ��	

	� 
�� � ��	

dd� ��� 	�� � ���
	�� 	�� � ���

�� ��� � ���

dd� ��� 
�� � ���
	�� 	�� � ���

�� 	�� � ���

dd� �	� 
�� � ���
		� 	�� � ��


	� 	�� � ���

Table �� Crystal orientation of tested jadeite and diopside grains� The crystal
orientation is given as the azimuth and the dip of ������ ������ and ������
respectively� with respect to the indent diagonals� The azimuth is ambiguous�
because of the fourfold symmetry axis of the indent�

Sample ����� ����� �����
Azimuth Dip Azimuth Dip Azimuth Dip

dj� �� �
 �

 � �
� 
�
dj� 
� 
� ��	 
 ��� �
dj� �� � ��
 
� ��
 �

dd� �� �� ��
 � ��� 
	
dd� 
� 

 �
� � �	� 

dd� 

 � �
� 
	 ��� ��

All omphacite samples were tested at 
�� oC� but mechanical data could only be obtained

for Samples dp� and dp��� For all samples� examination of the 
�� oC indents with an

SEM reveals that the sample material is partly torn out� which is not observed for indents

generated at lower temperatures �Fig� ���� For Samples dp� and dp�� this phenomenon is

not that pronounced� thus their indent diagonal were measured� This was not the case for

the other samples� where the torn�out material could be found sticking on the indenter�

��
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Figure ��� Hardness H of omphacite as a function of temperature T� Indentation hardness
tests were performed on two di�erent omphacites� Omphacite I� dp�� dp� �half �lled sym�
bols�� Omphacite II� dp�� dp��� dp��� dp�� ��lled symbols�� The hardness data of jadeite
and diopside �Fig� ��� Tab� �� are included for comparison �open symbols��

Table �� Results of hardness tests on omphacite �Omphacite I� dp�� dp�� Omphacite II�
dp�� dp��� dp��� dp���� The given hardness data are the mean and the standard deviation
of about �	 individual measurements at the same test conditions and within the same grain�

Sample Temperature �oC� Hardness �GPa�

dp� ��� 
�� � ��	
	�	 
�� � ���

�� 
�� � ���

dp� ��� ��� � ���
	�� ��� � ���

dp� ��� ��� � ���
	�� ��� � ���

dp�� ��� 
�
 � ���
	�� 
�� � ��


�� 
�� � ��	
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�� � ��	
	�� 	�� � ��
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�� � ��

	�� 	�� � ��


��
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5 µm

b)

a)

Figure ��� SEM images of indents in omphacite �Sample dp���� a� Indent gen�
erated at 	�� oC showing no tear�out� only minor cracking� b� Indent generated
at 
�� oC characterized by strong tear�out of sample material�
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��� Discussion

�
�
� Relative strength of the end members jadeite and diopside

Plastic deformation of rocks can take place in di�erent deformation regimes� These regimes

denote ranges of temperature� �ow stress and strain rate� where di�erent deformation mech�

anisms and accompanying processes are dominant �Frost and Ashby� ����� Schmid� �����

Poirier� ���	�� The deformation regime accessed by indentation hardness tests is suggested

to be low�temperature plasticity �Dorner et al�� in review� with dislocation glide being the

dominant deformation mechanism� Dislocation glide is either limited by discrete obstacles

or a lattice resistance �Frost and Ashby� ������ For most metals the lattice resistance is low�

but for ionically or covalently bonded crystals� as the pyroxenes of this study� the lattice

resistance is high �e� g� Kelly� ��

� Guyot and Dorn� ��

�� The stress required to overcome

the lattice resistance is the Peierls stress �p� For an edge dislocation it can be given as

�p �
��

�� �
exp

�
�

�
a

��� �� b

�
� ���

with � denoting the shear modulus� � the Poisson ratio� a the lattice spacing of the slip

plane� and b the magnitude of the Burgers vector �Nabarro� ��

�� A comparison of these

parameters for jadeite and diopside reveals that the di�erence of the shear moduli is the

most signi�cant� In the temperature range from ��� oC to 
�� oC the shear modulus of

jadeite decreases from about 

 GPa to 
� GPa� that of diopside from about 
� GPa to

	
 GPa �Tab� 	�� The temperature dependence of the elastic moduli is considered according

to Du�y and Anderson ������� taking into account the Fe content of the tested diopside

grains� For the shear moduli of jadeite ��T � � �� GPa� ����� GPa�K � T � and for that of

diopside ��T � � 

 GPa� ����� GPa�K � T is used �Du�y and Anderson� ������ The shear

modulus of jadeite is thus found to be about �
 � higher than that of diopside� while the

di�erences of the Poisson ratios� the lattice spacings of the slip planes� and the magnitudes

of the Burgers vectors for jadeite and diopside are about � � to � �� respectively �Tab� 	��

The magnitude of the Burgers vector and the lattice spacing are taken from Cameron

et al� ���
�� assuming that the ���������� system is relevant� Since the most signi�cant

di�erence is obtained for the shear moduli� the hardness data were tentatively normalized

with respect to the temperature dependent shear moduli �Fig� �	�� This normalization

reduces the di�erence in strength of jadeite and diopside to about �� �� compared to an

average strength di�erence of about �� � before normalization�

The remaining contrast in strength can be attributed to various sources� On principle� it

could re�ect experimental errors in the hardness data and the shear modulus� The used

derivatives of the shear modulus with respect to temperature could be incorrect� since they

�	



Table 	� Comparison of the shear modulus �� the Poisson ratio �� the mag�
nitude of the Burgers vector b� and the lattice spacing of the slip plane a for
jadeite and diopside� The values for the elastic moduli are according to Du�y
and Anderson ������� The values of the magnitude of the Burgers vector and
the lattice spacing are taken from Cameron et al� ���
�� assuming that the
���������� system is relevant�

Temperature �oC� Jadeite Diopside Di�erence
�xDiopside�xJadeite��xJadeite

� �GPa� ��� 

�
 
��� ��
�	 �

�� 
��� 	
�� ��
�� �

� ��� ���
� ���
� ��� �

�� ���
� ���

 ��� �

b ��A� ��� 	��� 	��
 ��
 �

�� 	��� 	��� ��� �

a ��A� ��� ���� ��

 ��� �

�� ���� ���� ��� �

are not measured� but predicted from elasticity systematics �Du�y and Anderson� ������

Also� the slight deviations of the tested jadeite and diopside from the ideal composition

could be a reason for the remaining strength contrast� On the other hand� normalization

with respect to the Peierls stress itself� instead of the shear modulus� will not reduce the

remaining strength di�erences� as the Peierls stress is a strong function of the shear modulus�

Finally� it cannot be excluded that the strength contrast after normalization results from

di�erent concentrations of discrete obstacles� e� g� impurities� against dislocation glide in the

natural crystals used�

In addition to normalizing the hardness respectively �ow stress with respect to the shear

modulus� the temperature is usually normalized with respect to the melting temperature

�e� g� Frost and Ashby� ����� Karato� ����� Karato et al�� ���	a�� However� dislocation

glide� which is the dominant deformation mechnism in the low�temperature plasticity regime

addressed in the hardness tests� is not primarily a thermally activated process� Therefore�

normalization with respect to the melting temperature is suggested to have no signi�cant

e�ect with regard to a better correspondence of the mechnical data� In fact� normalization

of our hardness data with respect to both melting temperature and shear modulus yields a

somewhat inferior correspondence between the data sets for jadeite and diopside compared to

normalizing with respect to the shear modulus only �Figs� �	 and �
�� The Peierls equation

�Eq� �� indicates that the temperature dependence of the hardness is only indirect and

related to the temperature dependence of the shear modulus� the Poisson ratio� the lattice

spacing� and the Burgers vector� This is supported by our data showing that part of the

observed weak temperature dependence of the hardness can be attributed to the temperature

�
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Figure �	� Normalized hardness H�� of jadeite �Samples dj�� dj�� dj�� and
diopside �Samples dd�� dd�� dd�� as a function of temperature T� The tem�
perature dependence of the shear moduli as determined by Du�y and Anderson
������ was used for the calculation of the corresponding shear moduli� ��T � �
�� GPa� ����� GPa�K � T for jadeite and ��T � � 

 GPa� ����� GPa�K � T
for diopside�

dependence of the shear modulus� For an increase in temperature of ��� oC the hardness

decreases on average by approximately ���� whereas the normalized hardness decreases only

by about 
�� The remaining dependence on temperature after normalization is possibly

due to the formation of kink�pairs during dislocation glide� which is a thermally activated

process �Suzuki et al�� ������

The concept of classifying solid phases into isomechanical groups was �rst suggested by

Frost and Ashby ������� The members of an isomechanical group show similar mechan�

ical behaviour when the data are properly normalized� The materials that belong to the

same isomechanical group are usually characterized by the same crystal structure and sim�

ilar bonding� Frost and Ashby ������ de�ned �� isomechanical groups� which cover cubic�

tetragonal� hexagonal� and trigonal solid phases� Karato ������ found a systematic relation�

ship in plastic behaviour of cubic garnet� spinel� and rock salt� as well as for orthorhombic

olivine and perovskite� The indentation hardness tests of the present study reveal that the

�
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Figure �
� As �gure �	� but using the homologous temperature T�Tm instead
of the actual test temperature T�

strength of jadeite and diopside is very similar after normalization �Fig� �	�� This indicates

that jadeite and diopside belong to the same isomechanical group and that the systematics

in the mechanical behaviour can be extended to monoclinic pyroxenes�

In the present study� the hardness data of jadeite and diopside for di�erent temperatures

are found to be linear dependent on the shear modulus �Fig� �
�� The best linear �t of the

data �Fig� �
� is described by

H � ���� GPa ! ���	 � � � ���

Fitting the data with a straight line through the origin �Fig� �
� yields

H � ���� � � � �	�

This linear relationship between the hardness of jadeite and diopside and the corresponding

shear moduli is consistent with a comprehensive data set compiled by Teter ������� who

found that the shear modulus is a better predictor for the hardness of a material than the

bulk modulus� For fcc metals� NaCl�structure alkali halides� and diamond cubic solids� Gerk

���

� found that hardness and shear modulus are related according to H � ������ which

��



di�ers by a factor of �� compared to the relationship �Eq� 	� found in the present study�

The fact that the hardness data as a function of the shear modulus for jadeite as well as

diopside can be described by one functional relationship supports that jadeite and diopside

belong to the same isomechanical group�
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Figure �
� Hardness H of jadeite and diopside for di�erent temperatures as
a function of the temperature dependent shear modulus �� Two linear �ts of
the data are also included� one being a �t through the origin� and the other
the best linear �t�

The indentation hardness tests of the present study reveal that jadeite is stronger than

diopside in the low�temperature plasticity regime� In contrast� for the dislocation creep

regime it is supposed that the strength of jadeite is lower than that of diopside� since for

a given temperature the homologous temperature of jadeite is higher than that of diopside

�St�ockhert and Renner� ������ Recently Orzol et al� ������ experimentally con�rmed that

jadeite is weaker than diopside in the dislocation creep regime� The conclusion that jadeite

and diopside belong to the same isomechanical group� as inferred from indentation hardness

tests in the low�temperature plasticity regime in this study� is possibly also true for other

deformation regimes�

��



�
�
� Morphology of the indents

SEM analysis of the morphology of indents in jadeite and diopside crystals revealed linear

features in the surrounding surface �Fig� ���� These lineations can be either interpreted as

slip steps that are generated during indentation where mobile dislocations reach the sample

surface �Dorner et al�� in review�� Alternatively� steps in the sample surface can be due to

mechanical twinning� From the analysis of the orientation of these steps with respect to

the crystal orientation �Fig� ���� ����� is determined as the corresponding lattice plane� For

clinopyroxenes� ���������� is the predominant slip system in dislocation glide and also the

plane and direction of mechanical twinning �e� g� Mercier� ���	� Av�e Lallemant� ��
��� The

critical resolved shear stress for twinning is a weak function of temperature �Tullis� ������

For clinopyroxene it is about �	� MPa �Koll�e and Blacic� ����� Orzol et al�� ������ Generally�

at low temperatures the critical resolved shear stress for dislocation glide is higher than

that for mechanical twinning �Av�e Lallemant� ��
�� Tullis� ����� Mercier� ���	�� Therefore�

mechanical twinning is more common at low temperatures and su�ciently high stresses�

The �ow stress that corresponds to a hardness datum is proposed to be about one�third of

the hardness �Tabor� ��
��� In our hardness tests on pyroxenes �ow stresses of about � GPa

to � GPa correspond to the observed hardness of about 	 GPa to � GPa �Tab� ��� These high

�ow stresses are expected to be su�cient to activate both dislocation glide and mechanical

twinning� Thus� the observed linear features can be the results of dislocation glide on �����

and ����� twinning as well� both being consistent with deformation in the low�temperature

plasticity regime�

�
�
� Unsystematic results on omphacite solid solutions

Various potential problems have to be taken into account� when the results obtained for the

end members jadeite and diopside of the clinopyroxene solid solution series are transferred

to members with an intermediate composion� First� omphacite occurs in the ordered P��n

structure as well as in the disordered C��c structure� The equilibrium disorder�order tem�

perature was determined to 
�	 oC by Fleet et al� ���
�� and to �
	 oC by Carpenter ������

for natural omphacites with an intermediate composition� Since ordering rates in omphacite

are slow �Carpenter� ��
�� ������ changes of the degree of ordering are not supposed to oc�

cur during our indentation experiments� which were performed at temperatures between

��� oC and 
�� oC� However� di�erent thermal histories of natural samples are expected to

result in di�erences in the ordering states� Brenker et al� ������ proposed that di�erent slip

systems are active in the ordered P��n and in the disordered C��c structure� Therefore�

the strength of omphacite could be dependent on the degree of ordering�

��



5 µm

Figure ��� SEM image of an indent in jadeite �Sample dj�� �	� oC�� The arrows
point to linear features that developed during the indentation process�

[010]

[001] [100]

(100)

Figure ��� Orientation of linear features in the surface around the indents in
two jadeite and diopside samples� respectively �Samples jd�� jd�� dd�� dd���
The orientations of the linear features are shown as directions ��lled black
diamonds� with respect to the crystal orientation �empty symbols�� The cor�
responding slip plane is also included �broken line��

Second� at low temperatures exsolution is possible in omphacites �Carpenter� ��
�� ������

Microstructural investigations of natural omphacites reveal a great variability of microstruc�

tures with antiphase domains� originating by ordering� and exsolution lamellae �e� g� Car�

��



penter� ��
��� These microstructural features change within single grains over distances

of less than ��m �Carpenter� ��
��� and exsolution lamellae never exceed about 	�� �A in

width �Carpenter� ������ Carpenter ���
�� suggested that slight di�erences in chemical

composition and di�erences in the initial ordering state after crystallization causes the mi�

crostructural variations�

Our microindentation hardness tests on natural omphacite revealed a highly variable

strength� both within single grains and comparing di�erent specimens� The strength con�

trast between both tested omphacites is supposed to arise from di�erent ordering states

or from slight compositional di�erences� though the chemical composition being approxi�

mately the same� Also� the contrast in strength could be caused by di�erent concentrations

or types of submicroscopic inclusions� It is suspected that the variability in strength within

single grains may be related to variations in the ordering state� the occurrence of exsolu�

tion within short distances� or inhomogeneously distributed submicroscopic inclusions� A

more detailed analysis� requiering observations within the scale accessible with transmission

electron microscopy� is beyond the scope of the present study�

Furthermore� at a temperature of 
�� oC� the sample material tears out during indentation

�Fig� ���� Since omphacite is unstable at low pressures� it is suggested to undergo a phase

transformation at higher temperatures resulting in the observed unstable mechanical be�

haviour� The complex stress �eld under an indenter during indentation hardness tests has

a hydrostatic component that is about two�thirds of the hardness �Tabor� ��
��� which is

about � GPa to 
 GPa in our case� While this pressure should suppress phase transforma�

tions in the volume underneath the indenter� the hydrostatic component of the stress �eld

vanishes at the sample surface� Thus� the tested omphacite possibly undergoes a local phase

transformation enhanced by strain energy�

��	 Summary and conclusions

��� Microindentation hardness tests performed on jadeite and diopside grains within natural

aggregates at temperatures between ��� oC and 
	� oC� corresponding to homologous tem�

peratures of ���� to ��
	 for jadeite and ���� to ��
� for diopside� reveal that the hardness

of jadeite is about ��� higher than that of diopside�

��� Normalization of the hardness data with respect to the shear modulus reduces the con�

trast in strength between jadeite and diopside to about ���� This indicates that jadeite

and diopside belong to the same isomechanical group�

��� The hardness of jadeite and diopside is linearly dependent on the shear modulus� This

correlation of hardness and shear modulus seems reasonable for indention hardness tests in

��



the low�temperature plasticity regime� since the Peierls stress also depends linearly on the

shear modulus�

��� Microindentation hardness tests on two di�erent omphacite samples reveal a strength

contrast as well as a considerable strength variability within one of the tested omphacite

samples� Variable degrees of ordering� exsolution� and submicroscopic solid phase or �uid

inclusions are suspected as possible reasons for the apparently unsystematic results on om�

phacite�

�	� The results on jadeite and diopside demonstrate that indentation hardness tests provide

information on the relative strength of minerals in the low�temperature plasticity regime�

For members of solid solution series this information allows a classi�cation into isomechan�

ical groups�

��



� Creep of a TiAl alloy� a comparison of indentation

and tensile testing

��� Abstract

The present study compares the indentation and uniaxial creep behaviour of a near�	�

TiAl alloy with a duplex microstructure� Indentation creep tests were performed using a

cylindrical indenter at temperatures between 
	� oC and ��	� oC and net section stresses

between 	� MPa and ���� MPa� A stress dependent stress exponent ranging from � for

low net section stresses to � for high net section stresses was determined� The apparent

activation energy of indentation creep was determined as �����
 kJ�mol� The stress as

well as the temperature dependence of the indentation and uniaxial creep data are in good

agreement� The indentation experiments were also analysed with respect to the deformed

volume in front of the indenter and the surface bulge that develops around the indenter� A

simple dislocation model is proposed to rationalize volume and shape of the bulge around the

indenter� The good agreement of creep parameters obtained by indentation and conventional

uniaxial creep testing demonstrates that indentation creep tests are suitable to characterize

creep�

��� Introduction

In engineering materials science uniaxial tensile creep tests are the standard technique to

obtain creep parameters� An alternative is provided by indentation creep tests� where a

cylindrical indenter is pushed into the �at surface of a solid by a constant load �Chu and Li�

��

� Li� ������ Compared to conventional creep experiments� indentation creep tests have

several advantages� First� only small amounts of material are needed and sample preparation

is simple� since only a �at sample surface is required� Moreover� indentation creep tests can

be useful for the characterization of the local deformation behaviour of e� g� thin �lms or

particles in composites� Compared to other indentation techniques� e� g� Vickers hardness

tests with a pyramid indenter� a cylindrical indenter has the advantage that in a constant

load test the net section stress under the indenter is constant� whereas with other indenter

geometries it decreases with time� Finally� indentation creep tests with cylindrical indenters

avoid problems associated with very high local stresses which characterize the tip region

during indentation with sharp indenters� A recent review of indentation creep testing with

emphasis on the testing of local material properties is given by Li �������

��



Several studies dealing with the comparison of indentation and conventional uniaxial creep

tests showed that the results compare well when considering both the temperature and the

stress dependence of the creep data� Some of these studies are experimental �Yu and Li�

��

a� Chu and Li� ��

� ��
�� Murthy and Sastry� ����� Yu et al�� ���	� Juh�asz et al�� ���
�

Godavarti and Murty� ���
� Chiang and Li� ����� Hyde et al�� ���	� Cseh et al�� ������ most

of them on model materials such as LiF� lead� zinc� ��tin� and copper� Others use �nite

element creep stress and strain analysis to rationalize indentation creep �Yu and Li� ��

b�

Hyde et al�� ����� Becker et al�� ����� Butt et al�� ���
� Yue et al�� ����� ������

The classical approach to compare indentation and uniaxial creep data makes use of con�

version factors �Yu and Li� ��

a�b� Chu and Li� ��

� ��
��� The net section stress 
net�

which characterizes the load in an indentation creep test� is de�ned as the force F applied

on the indenter divided by the circular indenter area A� 
net � F�A� The conversion factor

c� relates the net section stress 
net to an appropriate uniaxial reference stress 
 by


 � c� � 
net � �
�

Experimentally determined values of c� range from ���
 to ���
 �Chu and Li� ��

� ��
�� Yu

et al�� ���	� Tasn�adi et al�� ����� Chiang and Li� ������ The indentation rate "d� determined

from indentation creep experiments� is related to an appropriate uniaxial reference strain

rate "� by

"� � c� �
"d

�r
� �
�

with c� denoting the conversion factor and �r the indenter diameter� Relation 
 is often used

with c� � � �Chu and Li� ��

� ��
�� Chiang and Li� ����� Butt et al�� ���
�� Here we use

the conversion factors c������
 and c����
		 determined with �nite element calculations

by Hyde et al� ������ to relate creep data from indentation and tensile creep tests� Uniaxial

creep behaviour is often described by the well known Sherby�Dorn equation

"� � A � 
m � exp

�
�

Q

RT

�
� ���

with m denoting the stress exponent� Q the apparent activation energy� T the temperature�

R the universal gas constant and A the pre�exponential factor� Inserting the conversion

equations �Eqs� 
 and 
� into the power law equation �Eq� �� reveals that the stress exponents

and the apparent activation energies determined from both indentation and uniaxial creep

tests are identical�

Recently� Yue et al� ������ outlined a �nite element procedure to correlate indentation and

uniaxial creep data� Instead of using conversion factors according to equations 
 and 
� they

assumed that the indentation rate "d obeys the power law equation

"d � Cind � 

n
net � ���

�	



with n denoting the stress exponent for indentation creep� and C the temperature and

material dependent pre�exponential factor for indentation creep� For a material that creeps

according to the power law equation �Eq� ��� the isothermal �nite element calculations by

Yue et al� ������ con�rmed the identity of the stress exponents determined from indentation

and uniaxial creep tests� respectively� For the determination of the pre�exponential factor

for uniaxial creep� they proposed a procedure that uses experimental indentation creep data

in combination with �nite element calculations� Both approaches relating indentation and

uniaxial creep propose identical stress exponents� thus indicating that indentation creep

experiments can be used to determine the uniaxial stress exponent�

One objective of the present study is to compare indentation and conventional tensile creep

data for an engineering alloy� since most previous studies were performed on model materials�

The data are compared on the basis of the two described approaches in order to validate

them for an industrial material� For this purpose both indentation and tensile creep tests

are performed on the same material� Furthermore� a simple dislocation model is proposed

to rationalize material �ow during indentation creep on a dislocation basis�

��� Experimental

�
�
� Sample material

The material used for both the uniaxial tensile and the indentation creep experiments is a

TiAl alloy of type Ti��
Al��Mn��Nb ! ��� vol�� TiB� XDTM produced by Howmet Cor�

poration �Whitehall� USA�� Cast rods were HIPed ���
� oC��
� MPa� followed by a heat

treatment in vacuum at ���� oC for 	� h� The resulting undeformed near�	�TiAl alloy shows

a duplex microstructure with lamellar ��!	 grains and equiaxed 	 grains� The lamellar

grains are characterized by a grain size of ���m and occupy a volume fraction of �	 � to

�� �� The diameter of the 	 grains is �	�m� A preferred orientation is not developed� The

grain sizes of both the lamellar and the 	 grains are signi�cantly smaller than the diameter

of the indenter used in the indentation creep tests� Therefore� the sample material can be

considered as homogeneous and isotropic�

�
�
� Indentation and tensile creep testing

The indentation creep tests were performed in air using a creep apparatus that is suitable

for experiments at temperatures of up to ���� oC �Fig� ��a�� The cylindrical indenters are

made from Al�O� and have a height of � mm and a diameter of � mm or � mm� The indenter

�




is positioned on top of a cylindrical sample with a height of � mm and a diameter of �	�	 mm

�Fig� ��b�� The load is directly applied by placing weights on top of the upper piston and

measured by a load cell �Fig� ��a�� The sample assembly including upper and lower piston is

surrounded by a vertical tube furnace� A PtRh�Pt thermocouple placed next to the sample

measures the temperature �Fig� ��b�� The displacement is detected using Al�O� rods� which

transfer the signal to two LVDT displacement transducers outside the furnace� The signal

of one LVDT is used to correct for temperature e�ects on the loading column�

Details concerning indentation creep testing are reported in the present study� whereas those

of the uniaxial tensile creep tests were reported previously �Skrotzki et al�� ������ The

standard tensile creep experiments were performed on cylindrical samples with a diameter

of 	 mm and a gauge length of �	 mm�

thermocouple

indenter
spacer

spacer

lower piston

sample

upper piston

to LVDTsweights

load cell

furnace

lower
piston

sample

a) b)

20 mm40 cm

Figure ��� a� Central part of the creep test rig� b� Scheme of the sample
assembly for indentation creep experiments with a cylindrical indenter�

�




��� Results

�
�
� Indentation and tensile creep data

Indentation creep experiments were performed on three TiAl alloy samples �T�� T�� and

T��� All three experiments comprise several creep periods during progressive indentation�

Each creep period is characterized by one set of net section stress and temperature �Tab� 
��

Sample T� was indented by a cylinder with a diameter of � mm at net section stresses

ranging from 	� MPa to ��� MPa and temperatures between �	� oC and ��	� oC� Sample

T� was subjected to a temperature of about 
	� oC and the net section stresses varied from

��� MPa to ���
 MPa� Sample T� was indented at a temperature of ��� oC and net section

stresses ranging from ��
 MPa to 
�
 MPa� An indenter with a diameter of � mm was used

for experiments T� and T��

The indentation creep curves show the indentation depth as a function of time �Fig� ����

Note that while individual indentation creep curves do not always exhibit a pronounced

primary creep stage they all eventually reach a constant indentation rate� Each creep

period in our indentation creep tests is characterized by this constant indentation rate

�Fig� ��� Tab� 
�� For sample T� the determined indentation rates range from ��������� m�s

to ��
����� m�s� for sample T� from 
�
������ m�s to �������� m�s� and for sample T� from

��������� m�s to ��	����� m�s�

For creep periods characterized by the same temperature a linear relationship is observed

in a log�log plot of indentation rates "d versus net section stresses 
net �Figs� ��� �� and ����

This demonstrates that the proportionality

"d � 
nnet � ����

and thus the power law equation �Eq� �� used by Yue et al� ������ hold for the indentation

creep tests� at least for a limited stress range� The stress exponent is determined to be n �

������� for low net section stresses of 	� MPa to ��� MPa at ��	� oC �Fig� ��� Tab� 
�� For

a temperature of ��� oC and net section stresses of ��
 MPa to 
�
 MPa it is n � 	������

�Fig� ��� Tab� 
�� For higher net section stresses of ��� MPa to ���
 MPa at a temperature

of 
	� oC the stress exponent is n � 
�
���� �Fig� ��� Tab� 
�� These results reveal that the

stress exponent for the TiAl alloy is stress dependent ranging from about � to ��

Considering creep periods with the same net section stress� an Arrhenius plot of indentation

rates "d versus inverse temperatures ��T also shows a linear relationship �Fig� �	�� thus

indicating that the relation

"d � exp

�
�

Q

RT

�
����

��



Table 
� Compilation of the results obtained from indentation creep tests on
a TiAl alloy� T� temperature� 
net� net section stress� "d� indentation rate�

Sample Creep period T �oC� 
net �MPa� "d �m�s�

T� � �	� ��� ���������

� ��� ��� ���������

� ��� ��� ���������

� ��� ��� ��������

	 ��	� ��� ��
�����


 ��	� �� ��
�����


 ��	� ��� ��	�����

� ��	� ��� ��������

� ��	� 
� 
��������

�� ��	� 	� ���������

�� ��
 ��� ��
������

T� � 
	� ��� 
�
������

� 
�� ��
 ���������

� 
	� ���� 	��������

� 
	� ���
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	� ���
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� ��� ��� ��
������

� ��� �	� ��������

� ��� ��� ��
�����

	 ��� 
�
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Table 
� Compilation of stress exponents and activation energies obtained from
indentation creep tests and conventional tensile creep tests� T� temperature�

net� net section stress� 
� tensile creep stress� n� stress exponent� Q� activation
energy�

Reference T �oC� 
net or 
 �MPa� n Q �kJ�mol�

Indentation creep�this study �	����	� ��� � ���
� ��	� 	����� ��� �
� ��� ��
�
�
 	�� �
� 
	� �������
 
�
 �

Tensile creep�Skrotzki et al� ������ 
	� �	���	� 
�� �
� 
	��
	� �	���	� � �������

is valid for indentation creep experiments� For a constant load of 
net � ��� MPa and tem�

peratures between �	� oC and ��	� oC an apparent activation energy of Q � �����
 kJ�mol

��
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Figure ��� Indentation depth d as a function of time t� Indentation creep
curves of several creep periods at di�erent net section stresses at 
	� oC �Sam�
ple T�� are shown� The numbers next to the creep curves denote the applied
net section stresses� The indentation rate decreases after loading and �nally
establish a constant rate� which varies from ��� nm�s at a net section stress of
���
 MPa to ��� nm�s at ���
 MPa�

was determined �Fig� �	� Tab� 
��

The results of the uniaxial tensile creep experiments are described in detail by Skrotzki et al�

������� The uniaxial creep stresses varied between �	� to �	� MPa and the test temperature

range was 
	� to 
	� oC� Although the experimental results by Skrotzki et al� ������ show

a stress dependent stress exponent increasing from � at low stresses to � at high stresses�

the experimental scatter of the data also allows interpretation of the results on the basis

of a constant stress exponent� This can be seen from the straight line in Figure ��� that

reasonably accounts for the experimental data� For 
	� oC this yields a stress exponent

of 
������ �Fig� ��� Tab� 
�� The apparent activation energy determined by Skrotzki et al�

������ ranges from ��� kJ�mol at low stresses to ��� kJ�mol at high stresses�
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Figure ��� Log�log plot of indentation rate "d versus net section stress 
net for
a temperature of ��	� oC �Sample T���

�
�
� Morphological and microstructural aspects of indentation creep testing

In this section we characterize the surface morphology around the indenter� that developed

during indentation creep� as well as the deformed volume in front of the indenter� The

investigation of the indent after an indentation creep test reveals two prominent features

�Fig� �
a�� Firstly� the sample material bulges out around the indenter �Figs� �
a� �
b��

For one indent of � mm diameter the height and the diameter of the surface bulge were

determined as about ����m and � mm� respectively� using an optical microscope� The

volume of the bulge was roughly estimated as ������� m� by approximating its shape as a

truncated cone with an inner hole� The volume displaced by the indenter is about 
������ m��

Thus� only about half of the displaced material can be found in the direct vicinity of the

indent�

The other characteristic feature is a gap between the indenter and the surrounding sample

material �Fig� �
a�� This gap exists down to the indenter front� since an oxide layer is found

between the indenter and the indented material suggesting that there is free space during

indentation� The existance of a gap between indenter and sample material indicates that
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a temperature of ��� oC �Sample T���

friction is not important during indentation creep� This is supported by the fact that the

indentation creep curves are characterized by a constant indentation rate during secondary

creep�

A metallographic cross section through the indenter and the surrounding material reveals a

clear line pattern in front of the indenter �Figs� �
a�� These lines can be approximated by

circle segments with radii that decrease with increasing distance from the indenter �Fig� �
b��

Near the indenter edges the line density is higher than in front of the indenter �Figs� �
a�

�
b�� The diameter of the region where the line pattern is observed is comparable to the

indenter diameter� We are not certain about the origin of the contrast of these light and dark

lines� but the line pattern is supposed to be associated with material �ow during indentation

creep� The line density indicates that the strain is higher near the indenter edges than in

front of the indenter� This �ow pattern resembles that of a sphere in a moving �uid� which

is well known in �uid mechanics� The resistance to �ow of a sphere is less than that of a

�at cylinder� Therefore� the spherical volume in front of the indenter is assumed to become

part of the indenting system� and thus the part of material resistance to indentation that is

associated with the shape of the indenter is reduced�
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��� Discussion

�
�
� Comparison of indentation and uniaxial tensile creep tests

First� the indentation and tensile creep data are compared on the basis of the results of Yue

et al� ������� Their isothermal �nite element calculations reveal that the stress exponents

obtained from indentation creep tests and uniaxial creep tests� respectively� are identical�

The present study con�rms these results experimentally for an engineering alloy� For a

temperature of 
	� oC the indentation creep tests yield a stress exponent of 
�
���� �Tab� 
�

Fig� ���� A comparable stress exponent of 
������ was determined from the tensile creep

tests for the same test temperature �Tab� 
� Fig� ���� The isothermal �nite element modelling

of Yue et al� ������ yields no translation rules for the apparent activation energies obtained

in indentation and uniaxial creep testing� However� the activation energy of ��� kJ�mol

obtained from indentation creep tests is consistent with the activation energy of ��� kJ�mol

to ��� kJ�mol determined from the conventional tensile creep experiments �Tab� 
� Fig� �	��

Second� the indentation and tensile creep data are compared using the conversion factors

that Hyde et al� ������ determined from �nite element modelling� They found that the net
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Figure �	� Arrhenius plot of indentation rate "d versus inverse temperature ��T
for a net section stress of ��� MPa �Sample T���

section stress can be related to the uniaxial creep stress using Equation 
 with c������
�

and that the indentation rate can be related to the uniaxial strain rate using Equation


 with c����
		� The converted indentation creep data and the uniaxial creep data for

the tested TiAl alloy are in good agreement �Fig� ���� This shows that the approach of

Hyde et al� ������ is reasonable and also rationalizes the behaviour of an intermetallic

engineering material� Note that the indentation and tensile creep data obtained at di�erent

temperatures fall on one master curve �Fig� ��� when the strain rates are normalized by an

apparent activation energy term with an apparent activation energy of ��� kJ�mol�

There is a remarkable di�erence of the creep behaviour between indentation and tensile creep

as far as the shape of the corresponding creep curves is concerned� The indentation creep

curves are characterized by a pronounced secondary creep stage with a constant indentation

rate �Fig� ���� In contrast� the tensile creep curves show a sharp creep rate minimum in the

secondary creep stage followed by tertiary creep �Skrotzki et al�� ������ which is absent in

indentation creep testing� The minimum creep rates were used to analyse the stress and

temperature dependence of creep in uniaxial testing �Fig� ��� Skrotzki et al�� ������ while the

stress and temperature dependence of indentation creep was determined using the constant
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sample material

b)

1 mm

a)

Figure �
� a� Scanning electron microscope image of an indent in a TiAl alloy
sample with the indenter still in place �oblique top view�� The surrounding
surface shows a distict surface bulge� Between the indenter and the indented
material a gap is visible� b� Schematic side view of the surface bulge and the
gap that formed during indentation creep�

indentation rates� This yields a good correspondence of the creep parameters obtained from

both kinds of creep testing �Fig� ����

Our indentation creep data are supported by the good agreement with results from con�

ventional uniaxial creep tests on the same material� However� they are in contrast with

indentation creep data recently reported by Rao and Swamy ����	�� These authors per�

formed indentation creep tests on a TiAl alloy with a slightly di�erent chemical composition

and microstructure placing their main emphasis on the investigation of the in�uence of mi�

crostructure on the stress and temperature dependence of creep� Their stress exponent

of ��� is low compared to ��� observed in our study at a comparable stress level �Tab� 
��
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Figure �
� a� Scanning electron microscope image of an indent in a TiAl alloy
sample with the indenter still in place �side view�� In front of the indenter a
pattern of light and dark lines is visible re�ecting the pattern of material �ow
during indentation� b� Schematic drawing of the line pattern in front of the
indenter� The lines can be approximated by circle segments�

Moreover� the apparent activation energy of ��	 kJ�mol determined by Rao and Swamy

����	� for a volume fraction of lamellar grains of ��� is signi�cantly lower than the value

of ��� kJ�mol of the present study�
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� The indentation rates and net section
stresses determined from indentation creep tests are converted into reference
strain rates and reference uniaxial stresses according to equations 
 and 
� re�
spectively� The conversion factors c������
 and c����
		 obtained from �nite
element calculations by Hyde et al� ������ were used�

�
�
� Material bulging and dislocation mechanisms during indentation creep

Here we propose a simple dislocation model to describe material �ow during indentation

with a cylindrical indenter �Fig� ���� It is based on the idea of prismatic loop punching�

which was �rst proposed as a possible dislocation mechanism by Seitz ���	��� who was

inspired by experimental observations of Smakula and Klein ������� Our simple model

material is characterized by two intersecting slip systems� During the indentation process

prismatic dislocation loops form around the cylindrical indenter� while the same number of

prismatic dislocation loops with opposite sign are punched into the material in front of the

indenter �Fig� ��a�� An approximate number n of punched prismatic loops can be estimated

as n�d�b� where d is the indentation depth and b the magnitude of the Burgers vector

�Fig� ��a�� The prismatic dislocation loops may well be sessile� because their Burgers vector

is not a common slip vector for our model material� However� the sessile prismatic loops

can decompose into normal dislocation loops which can glide �Fig� ��b��

	




This simple model can rationalize why half of the material displaced by the indenter is

found in the surface bulge adjacent to the indent� If we assume that a punched prismatic

dislocation loop decomposes �Fig� ��b�� then the dislocation segments characterized by a

Burgers vector with a vertical component pointing upwards can reach the sample surface

and form surface steps �Fig� ��c�� Many such steps can give rise to the formation of a surface

bulge around the indenter� Only half of the dislocation segments reach the sample surface

�Fig� ��c�� Those dislocation segments with vertical Burgers vector components pointing

downwards glide into the interior of the sample and therefore do not contribute to the

formation of the surface bulge� Thus� in our simple model half of the displaced material is

transported to the sample surface in agreement with our experimental observations�

We now make an attempt to rationalize the shape of the surface bulge around the indenter

�Fig� �
�� Within each depth interval the same number of dislocations is created and the

displaced amount of material is the same� When a volume element is displaced deeper

inside the material� our glide geometry implies that the associated amount of material is

distributed within a larger surface ring area �Fig� ��d�� Therefore� the same amount of

material creates a smaller height increase of the sample surface when it comes from deeper

inside� Thus� the height of the bulge decreases with increasing distance from the indenter�

which is also observed by investigation of the experimentally generated indents �Fig� �
��

Our simple dislocation model considers only two slip systems� and thus strictly applies only

for single crystals with two slip systems� For a polycrystalline material this model can only

qualitatively account for the observed e�ects�

��� Summary and conclusions

The present study investigates the indentation and tensile creep behaviour of a TiAl alloy�

Two approches reported in the literature are used to compare the creep data obtained from

both kinds of creep testing� Furthermore� the morphology of the indent and the deformed

volume in front of the indenter are studied� The following conclusions can be drawn�

��� In a limited stress range the indentation creep data can be described by a constant

stress exponent� which is also observed in uniaxial creep testing� A stress exponent of ���

was determined for a test temperature of ��	� oC and net section stresses ranging from about

	� MPa to ��� MPa� For ��� oC and net section stresses of about ��� MPa to 
	� MPa the

stress exponent is 	��� For higher net section stresses of about ��� MPa to ���� MPa and a

temperature of 
	� oC a stress exponent of 
�
 was found from the indentation creep tests�

Thus� the stress exponent increases with increasing net section stress�

��� From the indentation creep experiments an apparent activation energy of ��� kJ�mol

	�



was determined for a net section stress of about ��� MPa and for temperatures ranging from

about �	� oC to ��	� oC� This activation energy is consistent with values of ��� kJ�mol to

��� kJ�mol obtained from uniaxial tensile creep tests�

��� The theoretical results of Yue et al� ������� indicating that the stress exponents for

indentation creep and uniaxial creep are identical� can be con�rmed for an engineering

alloy� For the same test temperature of 
	� oC both the tensile and the indentation creep

data yield a stress exponent near 
�	�

��� A very good correlation of indentation and tensile creep data for the TiAl alloy is

observed� where the data are compared using conversion factors determined by Hyde et al�

������� which relate net section stresses to uniaxial stresses and indentation rates to uniaxial

strain rates� respectively�

�	� A simple dislocation model is proposed to rationalize material �ow in indentation creep

testing�

�
� The good correspondence of the indentation and tensile creep results on an engineering

alloy demonstrates that indentation creep testing can be used to characterize creep� This

might be especially useful in cases where conventional uniaxial creep tests cannot be applied�

e� g� if only small amounts of material are available� if the machining of the sample material

is di�cult� or if the local deformation behaviour of e� g� thin �lms or particles in composites

must be analysed�
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Figure ��� Simple dislocation model describing the indentation process in an indentation
creep test� a� Formation of prismatic dislocation loops during indentation with a cylindrical
indenter� b� Decomposition of a prismatic dislocation loop into two normal dislocations� c�
Dislocation glide to the sample surface accounts for material bulging around the indenter�
d� During indentation with a cylindrical indenter the displaced material volume is the same
within each depth interval �V��V��� As the ring surface area� that can be reached by the
displaced material� increases with increasing indentation depth �A��A��� the surface height
of the bulge decreases with increasing distance from the indenter�
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� Summary and conclusions

��� Microindentation hardness tests

Two major parts of this thesis �Chaps� �� �� deal with results of high�temperature microin�

dentation hardness tests on minerals using a pyramid�shaped Vickers indenter� These exper�

iments are simple and can be performed on single grains within natural polyphase aggregates

�Chaps� ������ ���� ����� Therefore� indentation hardness tests are useful to investigate the

rheological behaviour of minerals that are not available as natural monophase aggregates

with properties suitable for conventional rock deformation experiments� The indentation

hardness study on olivine �Chap� �� revealed that this kind of deformation experiment can

be used to investigate mechanical anisotropy of minerals� The morphology of the indents

provides information on the activated slip systems� The study on the clinopyroxene solid

solution series with the end members jadeite and diopside �Chap� �� demonstrates how in�

dentation hardness tests can be used to investigate the relative strength of minerals� These

results can also provide a base for the classi�cation of minerals into isomechanical groups�

Due to extremely high stresses during the deformation process� indentation hardness tests

address the low�temperature plasticity regime� which is important in speci�c tectonic set�

tings �Chap� ��	���� The dislocation creep regime� which is more widespread in natural rock

deformation� cannot be addressed by this approach� Moreover� indentation hardness tests

are not suitable to derive �ow law parameters� because of the complex stress and strain �eld

in space and time during indentation �Chap� �������

��� Indentation creep experiments

The third part of this thesis �Chap� �� reports on the design and results of indentation

creep experiments using a cylindrical indenter� Compared to indentation hardness tests

with a pyramid�shaped indenter� indentation creep tests with a cylindrical indenter have the

advantage that the net section stress on the indenter remains constant during the experiment

�Chap� ���� and steady state deformation is possible �Chap� ����� Also� the magnitude of

stress is lower and the dislocation creep regime can be studied� The creep parameters

derived from indentation creep experiments on a TiAl alloy with a complex microstructure�

which serves as a model material for a polycrystalline silicate aggregate� compare very well

to thoses obtained in conventional uniaxial creep tests �Chap� ��	���� Indentation creep

tests are thus expected to be useful for the investigation of the rheological behaviour of

phases� that are not available as natural rocks with properties suitable for conventional
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rock deformation experiments� For instance� creep experiments using a dead�load creep

apparatus are usually performed on single crystals because of problems with grain boundary

cracking in polycrystalline aggregates �e� g� Mackwell et al�� ����a�� However� homogeneous

and perfect single crystals with appropriate dimensions are rarely available� Our results

indicate that indentation creep experiments in a dead�load creep apparatus can also be used

to investigate the mechanical behaviour of polycrystalline materials� since the hydrostatic

stress component provided by the load on the sample during the indentation test suppresses

brittle failure�

Finally� the microstructure that develops during indentation creep of the engineering alloy

reveals a distinct �ow pattern in front of the indenter� This indicates that indentation creep

tests are also suitable to study the microstructures and fabrics along small scale strain

and strain rate gradients in geological materials� especially the development of preferred

orientations in non�coaxial deformation �Kunze and Av�e Lallemant� ������ As the state of

stress and the resulting �ow �eld can be simulated for the cylindrical indenter geometry�

this simple approach is expected to provide valuable insight into the microstructural history

of inhomogeneously deformed materials�
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