
all you ever wanted to 
know about grain size 
and never dared to ask
(...)

a film by Renée Heilbronner
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motivation: the quartz piezometer

grain size as function of flow stress
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experimental basis
Stipp & Tullis Heilbronner & Tullis
(Stipp & Tullis, JGR, 2003) (Heilbronner & Tullis, JGR, 2006)

coaxial shear
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stress determination

Δσ versus e(%) τ versus γ

coaxial shear
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grain size determination
phyroclasts are more homogeneously flattened, subgrains
are more common, and the amount and size of the recrystal-
lized grains increase. A transition to regime 3 occurs at even
lower differential stress, where porphyroclasts are less

flattened, their sutured outlines are more irregular, and the
amount and size of recrystallized grains increase further
(Figure 3b). The width of the sutures is still about the same
as the diameter of the recrystallized grains and subgrains. In
the sample with the lowest flow stress (34 MPa) it is
difficult to differentiate between the porphyroclast remnants
and the relatively large (46 mm) recrystallized grains, but the
latter are slightly larger than subgrains, indicating a greater
contribution of grain boundary migration.
[9] Recrystallized grain size and flow stress data for each

BHQ sample deformed in dislocation creep regimes 2 and 3
are plotted in Figure 4. MSC experiments on BHQ for
regime 1 dislocation creep were not possible because the
high stresses cause corrosion and fracturing of the pistons
and mechanical steady state of this coarse-grained material
would require very high strain. Thus we have plotted on
Figure 4 unpublished data from Bishop [1996; presented in
Post and Tullis, 1999] for dislocation creep regime 1,
determined for as-is samples of novaculite (d ! 5 mm)
deformed in a solid salt assembly at 1.5 GPa, 700! to 850!C
and shortening rates of "2*10#6 s#1 and 2*10#5 s#1.
Steady state flow stresses ranged from 370 ± 100 MPa to
1050 ± 260 MPa; error estimates are inexact due to the
uncertainties related to higher friction. Recrystallized grain
sizes were measured on SEM images of etched sections by
the line intercept method, on transects normal and parallel to
s1; the geometric mean from these two data sets ranges
from 2.1 to 1.1 mm. We remeasured one novaculite sample
(W-739) with the grain boundary mapping technique on CIP
images, and found a recrystallized grain size of 1.9 ± 0.5 mm

Figure 2. Stress/strain data and sample numbers for the
MSC experiments on BHQ; friction corrections are
described in the text. Flow stress values in Table 1 are
averaged from 10% strain until the end of each run.

Figure 3. Representative light-optical micrographs
(crossed polarizers; shortening direction vertical) and related
2D-recrystallized grain size distributions of deformed BHQ.
(a) Porphyroclasts with patchy extinction, bulged grain
boundaries and small recrystallized grains (high stress
regime 2 close to transition to regime 1; sample W-1049).
(b) Porphyroclasts with irregular shape and sutured grain
boundaries; suture width and diameter of internal subgrains
and surrounding recrystallized grains are about the same
(regime 3, sample W-1024). Experimental conditions are
indicated.

Figure 4. Least squares fit calibrations of a recrystallized
grain size piezometer for dislocation creep regime 1 [5 data
points, Bishop, 1996] and regimes 2 and 3 (11 data points);
equations are indicated. Sample W-1126 was not used for
calibration due to the different recrystallization microstruc-
ture. The theoretical piezometer of Twiss [1977] is plotted
for comparison using a shear modulus of 42 GPa, a Poisson
ratio of 0.15 and a Burgers vector of 5 $ 10#4 mm. See text
for discussion.

STIPP AND TULLIS: PIEZOMETER FOR QUARTZ SDE 3 - 3

(Stipp & Tullis, JGR, 2003)
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what is the 'mean' grain size ?

"Recrystallized grains were distinguished from porphyroclasts 
manually and on the basis of the bimodal grain size distribution 
which occurs in all samples except W-1066 and W-1126. The 
diameter of each recrystallized grain is defined as the diameter 
of a circle with the same area, and the average 2-dimensional 
recrystallized grain size for each sample was calculated as the
root mean square diameter from all measured recrystallized 
grains in that sample"

RMS of h(dcircles)
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what is the 'mean' grain size ?

mode of vol%(Rspheres)
(need 2D-3D conversion)
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... which reminds me ...

copies still available at reduced rate at Margrete's office

for segmentation,
for 2D-3D conversion,
... and many other useful techniques...

see:  Heilbronner & Barrett, Springer (2014)
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why go back ?

re-measure CIP grain size using EBSD:
(see if CIP measurements are OK, especially fine-grained)

think about grain size

and then:

1. check Stipp & Tullis piezometer using EBSD
2. check if piezometer is indeed different for different regimes
3. check if piezometer is same for coaxial and shear
4. check if piezometer is texture dependent
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EBSD
coaxial

shear

10



convert to CIP

w1029

w935
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segmentation
w935
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finding the right mean...
arithmetic mean X ̅ = 1/n · ∑ xi

root-mean-square RMS = √ ( 1/n · ∑ xi2 ) ≈  area average
Mode = most frequent valuemost frequent value

symm. + skew - skew
Mean 5.00 4.33 5.67
Mode 5.00 4.00 6.00
RMS 5.39 4.75 5.99
Skewness 0.00 0.53 -0.53

RMS/X̅ 108% 110% 106%

-+

RMS > X ̅
finding the right mode:
for noisy data, use empirical relationship:
difference (Mean - Mode) = 3· difference (Mean - Median)
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Mean of grouped data
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Mode of grouped data (not noisy)
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Mean - Median - Mode (modal value)

Empirical relationship:  
Difference between the Mean and Median is 
~1/3 of the difference between the Mean and Mode

Mode = Mean - 3 [Mean - Median]
Mode = 3 Median - 2 Mean

Use this relation for noisy data
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st.dev. and RMS of grouped data

Textbook Of Engineering Mathematics
Debashis Dutta
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use 3D mode(s)  (= my mission on earth...)

CQ87 regime 3 coaxial
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grain size mapping

regime 3 regime 2 regime 1

0 r ≥ 25 µm100 µm
w1024

w935 w946 w1092
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2D to 3D
coaxial

shear
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finding the right modes ... and plot!
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are grains of the Y domain larger ?

grain size of the prism domain (dark in circular polarization)
compared to the grain size of other domains (lighter grey).

3.5. Shape and Strain of Orientation Domains

[34] In order to evaluate the shape change of the different
orientation domains during progressive shear, and thus
assess the evolving differences in viscosity between the
domains, we calculated the autocorrelation function (ACF)
of the domain bitmaps (Figure 9). The shape of the domains
is quantified in terms of the aspect ratio, a/b (long/short
axis), of the best fit ellipse to a selected ACF contour line,
and the angle of rotation, !, of the long axis of the best fit
ellipse in the sense of the applied shear (where ! = 0! is
normal to the "1 direction). A similar application of the
ACF is described by de Ronde et al. [2005].
[35] The ACFs of four domains are shown in Figure 14.

In Figure 14a, the ACF is contoured by strength of
correlation: five levels from 2/8 to 6/8 of the maximum of
the ACF are indicated by five grey levels. The inset shows
how the contour levels are defined. In order to quantify the
shape and size of areas in the domain bitmap that are highly
correlated, we use the contour at the 4/8 level, i.e., at 50% of
the ACFmax or half of the maximum correlation. At zero
deformation (Figure 14a, top) in all domains, this contour
has a diameter of 40 to 50 #m whereas at higher strains, the
average diameter of the same contour decreases to approx-
imately 10 and 6 #m for the prism and the rhomb domains,

respectively. If we think of these highly correlated areas as
grains, we notice that the 4/8 contour tracks a grain size
decrease (due to recrystallization) of approximately 5:1,
with the grain size of the prism domain being larger than
that of the rhomb domain.
[36] For an unbiased estimation of the absolute grain size

(of equant particles), we have to use the contours at 39% of
ACFmax [see Panozzo Heilbronner, 1992]. The nearest
contour we have calculated is at 3/8 = 37.5% of ACFmax.
At that level, the derived grain size of the undeformed BHQ
is !75 #m, which is a good estimate for the 2-D average
grain size if the 3-D average grain size is !100 #m.
However, in the more highly sheared samples, the contig-
uous areas which display an autocorrelation of "37.5% of
the ACFmax consist of a mixture of old grains and recrystal-
lized grains in various proportions and states of coalescence.
As a consequence the resulting measurement overestimates
the recrystallized grain size, yielding !30 and !25 #m,
respectively, or !38 and !32 #m in three dimensions.
[37] In Figure 14b (note the difference in scale), the ACFs

are contoured by size; five levels are selected such that the
Figure 12. Grain boundary density and relative grain size
in different c axis domains as a function of strain, derived
from threshold orientation gradient images as described in
text. (a) Grain boundary density of different c axis
orientation domains as a function of increasing shear strain
and recrystallization. The data point at zero strain refers to
the starting BHQ. The heavier line (=30! girdle) represents
the sum of all three orientation domains whose trends are
shown separately. (b) Grain size (with respect to the average
grain size) derived by inverting the grain boundary density.
Rhomb and prism domains are fully recrystallized at $ =
1.5, whereas the basal domain is not fully recrystallized
until $ ! 5.

Figure 13. Optical micrographs (using circular polariza-
tion) illustrating the difference in recrystallized grain size
between the prism, the rhomb, and other domains. Details of
samples with low and high volume percent recrystallization
are shown. (a) W920 with $ ! 1.5. (b) Prism domain of
W935 with $ ! 6. Grains of the prism domain appear black;
grains of the rhomb domain are gray and grains of the basal
domain light. Note larger size of prism grains (arrow in
Figure 13a) compared to grains of other orientations.
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values of the GBDs are 3.9% and 17%, respectively,
yielding a GBD ratio of 4.5. For t = 5 pixels, the
corresponding values are 17.4% and 55%, and the ratio
decreases to 3.2. For t = 10 pixels, the values for the GBDs
increase further and the ratio decreases to 2.45. In this case,
the GBD ratio is less than 1/2 of the grain size ratio of 5:1. If
the diameters of the grains are reduced to 20 and 4 pixels,
respectively, the grains size ratio remains 5:1 but the GBD
ratio decreases even further to 1.65. In other words, the
GBDs and GBD ratios depend on the width (in pixels) of
the grain boundaries and the diameters (in pixels) of the
grains.
[60] In view of the problems associated with converting

the grain boundary density to recrystallized grain size, we
interpret the results of the GBD calculations as a qualitative
description of the evolution of grain size with increasing
strain, which is different for the different orientation
domains. Figure 12a shows that the basal domain undergoes
a gradual decrease in grain size, whereas the rhomb and
prism domains appear to be completely recrystallized at low
strain and to undergo no further grain size evolution. We do
not fully understand the reason for the longer persistence of
porphyroclasts in the basal domain, but one factor may be
passive rotation of hard !1 grains into an orientation where
they can undergo basal slip. For the rhomb and prism
domains, Figure 12a indicates that both are fully recrystal-
lized at low strain. As mentioned earlier, we believe that the
grain size decrease in the prism domain is actually some-
what more gradual than that in the rhomb domain, because
the areas of W920 and W1010a selected for analysis happen
not to include a representative number of elongate prism
porphyroclasts. Nonetheless the results clearly show that the
recrystallized grain size in the prism domain is larger than
that in the rhomb domain, and this conclusion is supported
by direct observation of circularly polarized micrographs
(Figure 13).
[61] Similar differences in recrystallized grain size have

been noted in some naturally deformed quartzites. For
example, Knipe and Law [1987] analyzed greenschist grade
Moine mylonites with a kinked single girdle c axis CPO,
and found that recrystallized grains with c axes in low-
density portions of the pole figure were smaller (35–
40 "m), whereas recrystallized grains with c axes along
the main fabric skeleton and especially at Y were large (50–
68 "m). Similarly, Mancktelow [1987] observed that for
greenschist grade mylonites in the Simplon area, samples
with a strong c axis maximum at Y had a larger recrystal-
lized grain size than adjacent samples with an inclined
single girdle.
[62] An interesting point concerning the high strain,

completely recrystallized samples is that the mode of the
orientation gradient of the prism domain (6!) is close to
that of the total image (7.5!) whereas the mode of the
rhomb domain (12.5!) is larger (Figure 11). The rhomb
domain has a median value of 19!, meaning that approxi-
mately 4/5 of the misorientations occur along grain bound-
aries (values >11!) and only 1/5 within the grains, whereas
the prism domain has a median value of 10!, meaning that
approximately half of the misorientations are intragranular
(values <11!). In other words, the grain boundary density of
the rhomb domain is higher than that of the prism domain,
correlating with its smaller recrystallized grain size, but its

intragranular misorientation density is lower than that of the
prism domain. The smaller recrystallized grain size of the
rhomb domain indicates a higher flow stress, and thus
presumably a higher dislocation density. This result may
also be related to the fact that within the rhomb domain
grains with two different c axis orientations tend to be
intermixed or arranged in an alternating fashion (Figure 4).
Thus rhomb domains as a whole may be geometrically
incompatible for extended slip, requiring continuous recrys-
tallization. The larger recrystallized grain size of the prism
domain indicates a lower flow stress, and thus presumably a
lower dislocation density. The greater proportion of intra-
granular misorientations in prism grains might be due to
better defined subgrain boundaries. However, Nishikawa et
al. [2003] observed that in a sheared quartzite with an
inclined girdle c axis CPO, grains of all orientations had
the same dislocation density and subgrain size, but the
subgrain misorientation was much higher (15!) in the basal
grains that were being consumed than in the prism hai grains
(3!) that were growing by grain boundary migration recrys-
tallization. In any case, a satisfying explanation for the
difference in the mode of the orientation gradients in our
samples will require both EBSD analyses of the complete
3-D misorientations as well as TEM observations of the
dislocation substructures.
[63] The average recrystallized grain size in the sheared

samples is 17 "m (Figure 5), which corresponds to a shear
stress of 71 MPa using the quartz recrystallized grain size
piezometer of Stipp and Tullis [2003], whereas the average
measured shear stress of the samples was 100 MPa
(Figure 2). The difference between these stress values is
reasonable considering that our experiments were done in a
solid NaCl assembly, whereas the piezometer was calibrated
using a molten salt assembly. Using the observed recrystal-
lized grain size ratio between the prism and rhomb
domains (Figure 12b) and the approximately equal volume
proportions of prism and rhomb domains at high strains
(Figure 10a), the recrystallized grain size of the rhomb
domain is approximately 12 "m and that of the prism
domain is approximately 19 "m, corresponding to shear
stresses of 93 and 64 MPa, respectively. The gradual
increase in the volume proportion of the weaker prism
domain with increasing strain should produce a gradual
decrease in the sample flow stress (‘‘geometric weaken-
ing’’); however in our sample this decreasing flow stress is
offset by the gradually increasing flow stress resulting from
the increasing strain rate due to progressive sample thinning.

4.5. Strain and Rheology of the Domains

[64] In a very general sense, the shape and orientation of
any ACF contour indicate the shape and orientation of cross
sectional areas (domains or recrystallized grains) that are of
the same size as that contour. Small contours represent small
shapes (short correlation distances), and larger contours
represent larger shapes (the correlation over larger distan-
ces). We have quantified the evolution of the different c axis
orientation domains in terms of the shape anisotropy (aspect
ratio) and orientation (angle #) of their ACF.
[65] The analysis in Figure 15 assumes that each domain

is a viscous ellipsoid embedded in a matrix of different
viscosity [e.g., Gay, 1968]. This approximation is obviously
somewhat crude because (1) the domains are recrystallizing
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shows that the grain size of the rhomb domains is slightly
smaller (0.8 to 0.9 times) than the average for the whole
sample, from the lowest to the highest strain. In contrast, the
grain size of the prism domains is !1.2 to !1.4 times larger
than the average recrystallized grain size. Both the rhomb
and the prism recrystallized grain sizes are already estab-
lished at relatively low shear strains, although up to inter-

mediate strains the average grain size is influenced by the
presence of a few surviving porphyroclasts. In the basal
domain, in contrast, at low strains many old grains are still
present, resulting in relatively low grain boundary densities
(Figure 12a) and a relatively large average grain size
(Figure 12b). Complete recrystallization is only reached
after ! " 5. Figure 13 shows details of the recrystallized

Figure 11. Illustration of the derivation of grain boundary density, using a portion of the analyzed area
of sample W935. (a) Orientation gradient image. Darker pixels correspond to higher orientation gradients
between that pixel and its neighbors. (b) Histograms of the orientation gradient image (Figure 11a). The
X axis denotes the angular difference (orientation gradient); the Y axis denotes the density (%). The
threshold value for grain boundaries used in Figures 11d and 11f is indicated. Orientation gradients above
the threshold (11!) count as grain boundaries. Three curves indicate the distribution of orientation
gradients of the entire analyzed area (all), of the prism domain (prism), and the rhomb domain (rhomb);
mode and median values are indicated. (c and e) Masked orientation gradient images, showing the rhomb
and prism domains (light areas) separately. (d and f) Threshold orientation gradients with grain
boundaries (black) superposed on the area of the rhomb and prism domains (light gray); the threshold is
set at 11! (see Figure 11b.).
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grain size of the prism domain (dark in circular polarization)
compared to the grain size of other domains (lighter grey).

3.5. Shape and Strain of Orientation Domains

[34] In order to evaluate the shape change of the different
orientation domains during progressive shear, and thus
assess the evolving differences in viscosity between the
domains, we calculated the autocorrelation function (ACF)
of the domain bitmaps (Figure 9). The shape of the domains
is quantified in terms of the aspect ratio, a/b (long/short
axis), of the best fit ellipse to a selected ACF contour line,
and the angle of rotation, !, of the long axis of the best fit
ellipse in the sense of the applied shear (where ! = 0! is
normal to the "1 direction). A similar application of the
ACF is described by de Ronde et al. [2005].
[35] The ACFs of four domains are shown in Figure 14.

In Figure 14a, the ACF is contoured by strength of
correlation: five levels from 2/8 to 6/8 of the maximum of
the ACF are indicated by five grey levels. The inset shows
how the contour levels are defined. In order to quantify the
shape and size of areas in the domain bitmap that are highly
correlated, we use the contour at the 4/8 level, i.e., at 50% of
the ACFmax or half of the maximum correlation. At zero
deformation (Figure 14a, top) in all domains, this contour
has a diameter of 40 to 50 #m whereas at higher strains, the
average diameter of the same contour decreases to approx-
imately 10 and 6 #m for the prism and the rhomb domains,

respectively. If we think of these highly correlated areas as
grains, we notice that the 4/8 contour tracks a grain size
decrease (due to recrystallization) of approximately 5:1,
with the grain size of the prism domain being larger than
that of the rhomb domain.
[36] For an unbiased estimation of the absolute grain size

(of equant particles), we have to use the contours at 39% of
ACFmax [see Panozzo Heilbronner, 1992]. The nearest
contour we have calculated is at 3/8 = 37.5% of ACFmax.
At that level, the derived grain size of the undeformed BHQ
is !75 #m, which is a good estimate for the 2-D average
grain size if the 3-D average grain size is !100 #m.
However, in the more highly sheared samples, the contig-
uous areas which display an autocorrelation of "37.5% of
the ACFmax consist of a mixture of old grains and recrystal-
lized grains in various proportions and states of coalescence.
As a consequence the resulting measurement overestimates
the recrystallized grain size, yielding !30 and !25 #m,
respectively, or !38 and !32 #m in three dimensions.
[37] In Figure 14b (note the difference in scale), the ACFs

are contoured by size; five levels are selected such that the
Figure 12. Grain boundary density and relative grain size
in different c axis domains as a function of strain, derived
from threshold orientation gradient images as described in
text. (a) Grain boundary density of different c axis
orientation domains as a function of increasing shear strain
and recrystallization. The data point at zero strain refers to
the starting BHQ. The heavier line (=30! girdle) represents
the sum of all three orientation domains whose trends are
shown separately. (b) Grain size (with respect to the average
grain size) derived by inverting the grain boundary density.
Rhomb and prism domains are fully recrystallized at $ =
1.5, whereas the basal domain is not fully recrystallized
until $ ! 5.

Figure 13. Optical micrographs (using circular polariza-
tion) illustrating the difference in recrystallized grain size
between the prism, the rhomb, and other domains. Details of
samples with low and high volume percent recrystallization
are shown. (a) W920 with $ ! 1.5. (b) Prism domain of
W935 with $ ! 6. Grains of the prism domain appear black;
grains of the rhomb domain are gray and grains of the basal
domain light. Note larger size of prism grains (arrow in
Figure 13a) compared to grains of other orientations.
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texture domain
COI

Y-domaine all others
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using density of w935.MISr1_052_169-th15 which is misor 
about Ymax
histogram shows 2 maxes Y max at ~22 GV
choose cutoff at 40 GV - by looking at histo
median = 46.461 GV

finding the cutoff

24



finding the modes
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file bdwidth mean median mode

1024 3 11.2799 10.9417 9.9697

1025 3 14.3326 14.2531 13.2929

1029 3 9.8560 8.9081 7.4949

1050-m5 3 7.9871 6.6192 5.4242

1051-m5 3 7.2336 5.6598 4.3131

1081-m4 3 10.5499 8.8464 6.2525

(same) 2 10.5499 8.4985 5.8990

1081-m5 3 7.8843 6.5423 4.7071

1126-m2 3 11.2210 11.4041 11.8788 (truncated to 0-15)

1143-m2 3 15.9396 16.0590 16.1919

w935 1.5 9.5255 8.8836 7.4747

w946 1.5 6.7962 4.9580 3.7222

w1092 1.5 5.9887 3.7802 2.8333

w935 Ymax 1.5 10.5231 9.8970 8.3990

w935 antiYmax 1.5 8.6637 8.0686 6.6667

compile the data
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was it worth it ?

1. check Stipp & Tullis piezometer using EBSD
measured same h(d) - modes of v(D) ≈ 2· RMS(d)

2. check if piezometer is indeed different for different regimes
cannot say yet - not enough data re-done for regime 1
for shear: maybe all the same

3. check if piezometer is same for coaxial and shear
no the same

4. check if piezometer is texture dependent
yes it is !
:-)
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part 2

DRT 2015 Aachen
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2. olivine - pyroxene  (= work in progress)

motivation:
torsion experiments to find flow law for mantle material

first finds:
dislocation creep and diffusion creep

aim of microstructure analysis:
step 1: find grain size(s) of olivine and pyroxene
step 2: find shape(s)
step 3: find spatial relations

... think about results

... see forthcoming paper by Miki Tasaka
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torsion experiments on Ol - Opx
Miki Tasaka
David Kohlstedt
Mark Zimmermann

Univ. Minnesota, Minneapolis

70:30 mixture
olivine-orthopyroxene

Paterson apparatus
T = 1200°C
pc = 300MPa
γ!  = 1.6·10-4 s-1

γ  = 1.9
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torsion experiments on Ol - Opx

segmentation

olivine orthopyroxene all grains

⇒ have to be careful with segmentation
33



torsion experiments on Ol - Opx

segmentation
grain boundary map

all grains
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torsion experiments on Ol - Opx

segmentation
grain boundary map
grain map (segments)

35



2D and 3D grain size distributions
h(r) v(R)

all grains

h(r) v(R)h(r) v(R)

olivine orthopyroxene

⇒ detect multiple modes in 3D
36



grain size mapping

0.0         requ (µm)        6.0

0.0         dequ (µm)      12.0

50 bins

256 GV

⇒ size domains

h(d)
number density of size

area density of size
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orientation mapping

0°       orientation      180°

180°                             0°

90°

⇒ random orientation
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shape factor mapping

SF1 = Pmeasured / Pequivalent = large if grain boundary lobate
(0.00 < SF1 < ∞)
(0.00 < SF1 < ∞)

0.0            P/Pequ          2.0

round
convex

elongate
convex-concave
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2 phases - 4 grain sizes !

ol opx

0.0         dequ (µm)      12.00.0         dequ (µm)      12.0
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preferred orientation ?

0°       orientation      180°

180°                             0°

90°

⇒ Ol and Opx = random orientation
41



intersecting 2 feature bitmaps
φ(°)

a / b

or
ie

nt
at

io
n

aspect ratio

(105° < φ < 135°)

(15° < φ < 45°)

(1.0 < a/b < 1.75) (1.75 < a/b)
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intersecting 3 feature bitmaps

(15° < φ < 45°)

(1.75 < a/b)∩
(1.5 < SF1 < 2.0)

(15° < φ < 45°)(1.75 < a/b) ∩(1.5 < SF1 < 2.0) ∩
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feature space

dequ(µm)

φ(°)

P / Pequ

or
ie

nt
at

io
n

shape factor
siz

e

using bitmaps
(indicators)

using grey scale feature maps
(continuous values)
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take-home message(s)
• use image analysis (processing) to measure - not to illustrate
• use state-of-the-art image analysis to match state-of-the-art 

experimentation

• think twice before declaring "the mean grain size"
• use modes of 3D grains - they are most meaningful

• put the numbers back into the picture → map → visualize
• think of images as maps → be quantitative → scale and calibrate

(you can observe a lot by watching) → (you can understand a lot by measuring)

• think of microstructures as multidimensional → plot data in 
feature space (= intersect images)

... and be happy if you do not get a simple answer
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announcement
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