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1.  definitions of strength
2.  line defects and dislocations
2.  activated processes
3.  point defects and diffusion
5.  planar defects and grain boundary behavior
6.  deformation maps
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theoretical shear strength 

a
b

i.   t = Gx/a
ii.  t = csin(2πx/b)
iii. t = sin(2πx/b)Gb/2πa

critical shear stress 
is at maximum t:

tc ~ G/2π

 

x
stress
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conventional power law formula: 

G =Aa”exp( -E */RT) (1) 

where A = a constant; IZ = the stress exponent; 

E * = the activation energy, and R = the gas con- 

stant. In more detail, some deviation from a 

conventional power law behavior was observed, 

particularly at high stresses. The creep constitu- 

tive equation that best describes the high stress 

behavior is 6 =A’a”‘exp{-(E * - Ba)/RT} (B is a 

constant characterizing the stress dependence of 

the activation energy [14,15]). However, the devi- 

ation from the power law is insignificant at the 

lower stresses relevant to most of geological ap- 

plications. 

The active slip systems were inferred from the 

TEM determination of the Burgers vector (using 

a high-resolution lattice imaging technique [ 151) 

and optical observations of the trace of slip planes. 

The (liO] < 1 1 1  > slip systems are dominant in 

garnets under the experimental conditions ex- 

plored in this study. The {l%lO] < 111 > shp sys- 

tems provide five independent strain components 

necessary for the homogeneous deformation of 

an aggregate (van Mises condition; [22]), thus, the 

strength of a polycrystalline aggregate (a,,,,) can 

be calculated from the strength of a single crystal 

with the {liOO] < 111 > slip systems (shingle), by 

multiplying a geometrical factor (Taylor factor): 

aPO,,, = 1.77a,,,, [231. 

In Fig. 2A, the data for all the specimens are 

plotted as creep strength versus inverse tempera- 

ture. Comparison of these data to determine if 

there are any systematics must be made after a 

proper normalization. Important quantities for 

characterizing high-temperature creep include: 

temperature (7’9, creep strength (c) and strain 

rate (g). Frost and Ashby [20] and Ashby and 

Brown [24] discussed a normalization scheme of 

creep properties using T/T,, a/p and 

&XT,)/b*), where: p = the shear modulus; 

NT,) = the diffusion coefficient (of a relevant 

species) at m,elting temperature (T’); and b = the 

length of the Burgers vector. The use of D(T,) 

for normalization is not very useful for our pur- 

pose because DU,) is not known for many of the 

garnets studied here. This situation is even more 

serious for high-pressure minerals where no data 

are available for the diffusion coefficient of the 

slowest diffusing species. However, the diffusion 

coefficient D(T) can be written as D(T) = 

o,exp(-g’7JT) [24], where 0, is a pre-ex- 

ponential factor and g’ is the constant for a 

group of materials with the same crystal structure 

and similar chemical bonding. Hence, D(T,)/b* 

= (D,/6*)exp( -g’) = n,exp(-g’), where n,, is 

the Debye frequency [25]. The Debye frequency 

is related to the sound velocity, V, and lattice 

spacing (- b) as ~zo = V/b 1261, which will not 

change significantly from one garnet to the next. 

Therefore, it is not necessary to non-dimensional- 

ize strain rate in this study. 

The results of normalizing the data in the form 

o/p and TJT are shown in Fig. 2B. The conver- 

gence of a large number of data sets into a single 

trend is remarkable and suggests that most of the 

garnets studied here belong to an isomechanical 

group 120,241. Hence, for materials crystallized 

creep strength of mantle minerals 
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normalized temperature (TmlT) 

Fig. 3. Strength of typical mantle minerals (for dislocation 

creep) compared at the same normahzed conditions. For 

anisotropic minerals such as olivine or perovskite, the strength 

of the hard slip system(s) is shown in this diagram. The 

strength of a polycrystalline aggregate is well represented by 

that of the hard slip system(s) [27] and the systematics work 

better for the hard slip system(s) than the soft ones 1211. 

Observations:

materials fail at 
much lower stress
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dislocations in mantle materials

TEM
Kubo et al.
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dislocation motion
rotational component
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defects in materials
--0 dimensional

types of point defects:
vacancy

interstitial
substitutional



more point defects

constraints on 
point defects:

charge neutrality
thermodynamics



energetics for diffusion
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D = D0exp(-E+PV/RT)



grain
boundaries

Hiraga, Anderson,Kolstedt
Nature, 2004
“grain boundaries as reservoirs for 
incompatible elements in the 
mantle”



creep mechanisms
defect
control name stress/

strain rate grain size temperature causes 
LPO?

Diffusion Nabarro-
Herring independent independent strong 

dependence no

Dislocation
glide Power-law strongly

dependent independent weak 
dependence yes

Dislocation
climb

 less 
dependent

strong 
dependence no

Grain 
Boundary

Coble creep
(superplastic) independent strongly

dependent
strong 

dependence no

lower mantle
viscosity

laboratory,
seismic waves
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maps
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complications:

1.  dynamic recrystallization
2.  effect of water 

3.  strain rate extrapolation


