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Today: fundamentals of defects , flow laws

!

Friday: flow laws (cont.), transient creep, seismic properties & 
applications 
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CsCl - simple cubic NaCl - face centered cubic

Ionic bonding



Olivine structure looking down on (001) plane. 

• Tetrahedrally coordinated Si, octahedrally coordinated M sites.

• Si-O bonds shortest and strongest.

• Large spacing of (010) planes and close spacing of (100) planes. 
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Olivine structure looking down on (100) plane.

Oxygen in (100) planes near hexagonal close-packed arrangement.



Anisotropy due to crystal structure

a b c

unit cell 
dim. (Å) 4.78 10.25 6.3

V 9.89 7.72 8.43
V 4.89 4.42 4.87

Vs(max) = 5.53 km/s



Elastic behavior: Solids 
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(a) 
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Fig.6 Interatomic forces in an ionic crystal of NaCl structure. 

(Turcotte & Schubert Figs. 7.4 and 7.5) 
 

The volume and energy per ion pair are respectively 
 
 V = 2 r3        (18) 
 
and 
 
  U = -C0/r + D0/rn = -C(V/V0)-1/3 + D(V/V0)-n/3   (19) 
 
where C0 = z2e2A/4!"0 with Madelung constant A, D0 > 0 with n >>1, and r is the 
interatomic distance.  The first term is the reduction of potential energy as the point 
charges are brought together from an initially infinite separation (defining the zero of 
energy) to a finite spacing r.  The second term is the short-range repulsive interaction 
which prevents excessive overlap between the electronic charge distributions of the 
two ions.  The equilibrium value of r (or V) will be that for which the energy is 
minimised, i.e. that for which dU/dr (or dU/dV) = 0.  Application of pressure P to the 
crystal in equilibrium will increase its energy U by an amount  
 
 dU = - PdV        (20) 
 
(dV < 0), so that  
 
 P = - dU/dV = [(C/3)(V/V0)-4/3 - (nD/3)(V/V0)-(n+3)/3]/V0  (21) 
 
The requirement that V=V0 when P = 0, yields 
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Unique equilibrium position of atoms in crystal lattice

displacement from that position requires force: elastic moduli


e.g. σ = E ε

E Young’s modulus (tensile deformation, linear strain) 

K bulk modulus (uniform compression)  
G shear modulus (rigidity, shear deformation) 

Elastic moduli are of orders 10s of GPa
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(a) 

 
(b) 

 
Fig. 14 (a)  The harmonic approximation.  (b)  Anharmonicity and thermal expansion (Poirier, Figs. 

3.12 and 3.13) 

 
For low temperatures, vibrational amplitudes will be very small and approximately 
symmetric about the equilibrium positions.  However, at high T, large asymmetric 
(i.e. non-sinusoidal or anharmonic) vibrations will be excited corresponding to states 
higher in the well as illustrated in Fig. 14b.  The asymmetry of the vibration is such 
that the bond length averaged over one cycle of vibration is now greater than the 
equilibrium spacing.  It is this temperature-dependent increase in average bond length 
that is thermal expansion. 
 
8.  Finite strain and cohesive energy at high pressure 
 

The pressure dependence of the bulk modulus 
 
We have referred frequently to the isothermal bulk modulus K defined as 
 
 KT = -V(!P/!V)T       (64) 
 
By definition then, K is the constant of proportionality that relates the pressure change 
and the fractional change of volume in the limit of infinitesimally small perturbations.  
If KT were independent of pressure equation (64) would be directly integrable to yield 
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Harmonic vs anharmonic behavior

Finite T: thermal energy of atoms results in vibrations of atoms about equilibrium 

positions.  This energy must be supplied as specific heat to raise the temperature. 


!
Low T: vibrational amplitudes will be very small and approximately symmetric (sinusoidal) 

about the equilibrium positions (left). 

High T: large asymmetric (i.e. non-sinusoidal or anharmonic) vibrations will be excited 

corresponding to states higher in the well (right).  

Asymmetry of the vibration is such that the bond length averaged over one cycle of 

vibration is now greater than the equilibrium spacing.  

This temperature-dependent increase in average bond length is thermal expansion.



Thermodynamics (Fundamental state functions)

Internal energy U: Energy content of a system, the sum of the 
potential energy stored in interatomic bonding (electrostatic 

energy) plus the kinetic energy of atomic vibrations.
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Temperature

Enthalpy: H = U + PV

In the Earth need to account 
for pressure:
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Entropy S: measure of the state of disorder in a system.

!

Example: Configurational entropy:

Entropy is at a maximum for XB = XA



σ = E ε 
(Hooke’s law)

Deformation: 

stress = modulus x strain

E ~ 10 GPa = 1010Pa (ice),

ε ~ 1

flow of ice due to gravity: 

P = density x g x thickness


= 1000 kg/m3 x 10 m/s2 x 1000 m = 107 Pa



moduli of rock-forming minerals of order of 100 GPa

convective stresses ~ 0.1 MPa



Defects!

!

(point defects)

Frenkel Schottky



defects can also be impurity atoms



Thermodynamically why do we have defects?

!

Creation of point defect requires energy:

local distortion of lattice + imperfect satisfaction of bonding 


☛ enthalpy H increases.
But: point defect increases disorder in 

an otherwise perfect crystal: 

entropy S increases. 

(S is associated with the number of ways to 
distribute defects within the crystal structure.)

For small defect concentrations entropy 
increase is greater than enthalpy 

increase, for larger defect 
concentrations enthalpy increase 

dominates:
Minimum in Gibbs free energy at some 

finite concentration of point defects!





Dislocations

-line defects

0.2 µm g 004

Transmission electron microscope image of screw dislocations in olivine



Lattice planes in a cubic crystal

Edge dislocation

Insert an extra half plane



edge dislocation: Burgers vector perpendicular to 
dislocation line l



TEM lattice-fringe 
images with electron 

beam parallel to 
dislocation line



screw dislocation: Burgers vector parallel to dislocation line l



dislocations: mixed character



Strain due to dislocation creep

Movement in a glide plane

edge screw





stress (strain) field surrounding dislocations



slip plane

(Poirier,  1985, Ranalli, 1995)

Dislocation geometry is controlled by crystal lattice 

dislocations move on 
glide planes

Peierls 
potential



Generation of dislocations: Frank-Read sources

(dislocation multiplication due to stress/strain)



Obstacles 
to 

dislocation 
motion

subgrain 
boundary

0.2μm



Climb by diffusion of a row of atoms 
from the extra half plane.


Screw dislocations have no extra 
half plane and cannot climb.

Climb of an edge dislocation



temperature shear stress

dislocations

(number density)

•not produced by, 

•annealed by,

•mobility T dep.

sensitive to and 
interact with

point defects dependent   do not interact



Arrays of dislocations: subgrain boundaries
From dislocations to grain boundaries



subgrain boundaries in quartz

undulose extinction in quartz



Low angle tilt boundary

Misorientation angle: 

θ = 2 tan((b/2)/h) ≈ b/h

Construct grain boundaries from arrays of dislocations

h



Grain boundaries

GB: 2-D lattice defect that introduces a change in 
lattice orientation

Lattice misorientation given by θ

Why look at grain boundaries?

1. GB as crystalline defect present in all rocks.

2. GB affect 

•  diffusion

•  deformation

•  seismic properties

•  electrical conductivity....

θ



Tilt boundary

rotation axis is parallel to 

boundary plane

misorientation generated by 
inserting edge dislocations

Twist boundary

rotation axis is 

perpendicular to boundary 
plane


misorientation generated 
by 2 sets of screw 

dislocations

Boundary type as a function of relative orientation of neighboring grains



Read-Shockley dislocation model for grain boundary energy γ

!

γs = γ0θ(C-lnθ)

!

where the relative rotation θ = b/d, with b Burgers Vector d 
dislocation spacing


γ0 = Gb/4 π(1-ν), with G shear modulus and ν Poisson’s ratio,

C = 1 + ln(b/2 πr0) with r0 radius of the dislocation core
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Definitions

Subgrain boundaries: Dislocation cores non-overlapping, 
boundary consists of a (more or less ordered) array of dislocations.

!
High angle grain boundaries: Dislocations can no longer be 
identified, boundary structure and properties independent of 
misorientation angle.
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Dependence of relative grain boundary energy on misorientation for NiO



subgrain boundary

high angle

grain boundary

olivine

melt 
(glass)

Visualization of types of grain boundaries

cos θ/2 = γss/2γsl 

γss = solid - solid 
surface energy


!
γsl = solid - liquid 
surface energy

θ
melt

solid solid
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-> the vast majority of grain boundaries are general, high angle grain 
boundaries
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TEM

Grain boundaries: melt-free polycrystalline olivine

Jackson et al., 
2002

defects: grain boundaries, dislocations



5 nm

(010) lattice fringes 
in olivine

grain boundary
1 nm

High resolution image of olivine grain boundaries

Faul et al., 2004
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Grain boundaries in olivine: no evidence for 
dislocations, no steps, about 1 nm wide



For comparison: Steps on high 
angle grain boundary of titanate-

perovskite (SrTiO3)

10 nm

(021)
(243)-

Webb et al., 1999



~ 1 nm

100 nm

Grain boundary analysis by TEM

elongate beam 
position



TEM EDS spectroscopy peak/background ratios 
of trace elements in olivine 
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Grain boundary composition distinct from grain interior,

correlates with grain interior composition



Hiraga et al., 2004

represents the concentration if the solute were confined entirely to
the grain-boundary plane. This concentration may, in fact, rep-
resent the real grain-boundary concentration, as observed for
segregation of Ca towithin a single atomic plane at grain boundaries
in Ca-doped MgO (ref. 15).
In Fig. 2, Ca monolayer coverage is plotted versus grain-matrix

Ca concentration (molar occupancy of octahedral M sites), XCa
GM,

for the samples described above combined with the results from
samples of two natural peridotites, a fine-grained lherzolite and an
olivine phenocryst-bearing basaltic rock, as well as a synthetic
olivine þ diopside aggregate1. Individual data points represent
the coverage from a single grain boundary in the samples. The
observed variation in Ca coverage among grain boundaries in a
given sample can be explained by the variation of grain-boundary
structure for different misorientations between neighbouring
grains and grain-boundary orientation. However, the plots demon-
strate that (1) the concentration of Ca at the grain boundaries
increases with increasing concentration in the olivine grains, (2) the

partition coefficient, DCa
GM=GB ¼ XCa

GM=X
Ca
GB, decreases with decreas-

ing temperature, and (3) DCa
GM=GB increases with increasing Ca

concentration in the matrix. All of these features are predicted by
equation (1).

Strain energy minimization and space charge compensation are
two important thermodynamic driving forces for segregation to
grain boundaries16. A survey of all elements measured in the grain-
boundary profiles indicates an enrichment of Ca, K, Cr, Ti, Al and
occasionally Fe, depletion of Mg and occasionally Si, and no
detectable enrichment or depletion of Mn and Ni at the grain
boundaries1,11 (T.H., unpublished work). These observations
suggest that differences in ionic radius and valence state from that
of host cations (that is, Mg and Si) control the enrichment of
elements at grain boundaries. Divalent cations such as Ca2þ, which
are enriched at grain boundaries, have much larger ionic radii
(0.100 nm) than those of the host isovalent cations
(Mg2þ ¼ 0.072 nm and Fe2þ ¼ 0.078 nm). In contrast, Mn2þ and
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and Ni2þ ¼ 0:069nm) close to those of the host cations. For these
isovalent cations, we conclude that segregation is controlled by
differences in ionic radius. Similar partitioning behaviour takes
place between coexisting minerals (for example, olivine, pyroxenes
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olivine grain boundaries and occasionally exceeds the amount of Ca,
as shown in Fig. 1a. Because Si and Fe concentrations are constant in
the profile, Al must substitute for Mg at the grain boundaries. The
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EPMA, indicating that it partitions more strongly to grain bound-
aries than does Ca, even though the ionic radius of Al3þ (0.054 nm)
is closer than that of Ca to the value of either the radii of host cations
or the theoretical strain-free radius discussed later. Likewise the
ionic radius of Cr3þ (0.062 nm) is approximately equal to the
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to olivine grain boundaries was detected1. These observations
indicate that aliovalency is also a strong driving factor for partition-
ing to grain boundaries. However, the combination of strain and
valence factors complicates the development of a quantitative
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Deformation - flow laws

!

‚first principles‘ derivations - physical model 

!

constitutive equations relating strain rate to stress

Poirier, Creep of Crystals, 1985



Vacancies

Atoms

Pure shear deformation of a single 
crystal: Nabarro- Herring creep

Compressive stress at face B reduces the number of vacancies.

Tensile stress at face A increases the number of vacancies.

A

B

C+

C-C0

d



differential stress -> concentration gradients -> diffusion

A constant (experimentally determined), d grain size, 
E activation energy, V* activation volume

concentration gradient ~ grain size (face A - face B)

!

diffusion ~ diffusivity (atom species, crystal structure), temperature

!

flow law (constitutive equation, strain rate ε as a function of stress σ):

!

dε/dt = ε = A σ d-2 exp[-(E+PV*)/RT].

.

dε/dt = A DSD Ω σ/kTd2 



Diffusion is rate controlling:

slowest species along its fastest path

��ě�����ȱ��ȱ���¢��¢��������ȱ��������� 961

small water fugacity in the H2+CO2 experiments led to a reproducible increase of Dgb by a factor 
of 5, which is a remarkably strong effect when compared with the effect of the larger water 
fugacity in hydrothermal experiments. Compared to lattice diffusion of Mg in forsterite, Dgb/Dl 
| 104, but again similar activation energies were obtained (Chakraborty et al. 1994). 

Farver et al. (1994) related their Mg diffusivity results at 0.1 MPa from experiments run in 
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Figure 15. Comparison of grain boundary and lattice diffusion coefficients of Ca and O in calcite (all tracer 
diffusivities). The same conventions were used as in Figure 13 to illustrate and indicate the various data.
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Figure 16. Comparison of grain boundary and lattice diffusion coefficients of Mg, Si, and O in the 
polymorphs of (Fe,Mg)2SiO4 (olivine, wadsleyite, and ringwoodite, all tracer diffusivities). The same 
conventions were used as in Figure 13 to illustrate and indicate the various data.

Dohmen & Milke, 2010
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but A, E, V* are also specific to diffusion mechanism
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flow law for grain boundary diffusion

!

ε = A σ d-3 exp[-(E+PV*)/RT].

nom.
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But: “Pure” diffusion creep would lead to shape 
change of grains:

Observation: Grains remain 
equiaxed after deformation



Diffusionally accommodated grain boundary sliding

(diffusion creep)

Macroscopic shape change without grain 
shape change



Hirth, 2003



Dislocation creep

(Weertman creep)

glide velocity: v ~ b v0 exp(-E/kT)

(b Burgers vector)

dislocation density ~ stress: strain rate depends on stressn

but dislocations get ‚stuck‘ (entangled): edge dislocations 
have to ‚climb‘ out of their glide plane, climb is rate limiting.


Climb is a diffusive process.

dislocations are intracrystalline, no grain size dependence

 ε = A σn exp[-(E+PV*)/RT].
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Deformation Mechanism Map

Olivine, 1250ºC, 0.4 GPa

diffusion

creep

dislocation

creep

Peierls creep

gbs

gs reductiong growth



Electron backscatter diffraction map


