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problem 2:
what is the grain size ?

problem 1:
what is a grain ?need a grain size ?

>>detailscheck: Heilbronner & Kilian paper in Discussion of EGU-Solid Earth 



by way of an introduction (a paper submitted to EGU Solid Earth)
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Figure 2.6: Sample assembly and sample. a) sample assembly used in most experiments b) sample assembly
used with the graphite upper plug c) sample (modified after Tarantola et al., 2010).

2.3 Sample assembly

A solid salt sample assembly (Figs. 2.6, 2.7) is used to transmit the confining pressure.
Various modifications were tried out, especially regarding the salt material used for the inner
salt cell and the upper plug material (see Appendix B). The sample is placed in between two
alumina pistons which are ground flat, orthogonal, and plane-parallel. The correct position of
the thermocouple (Tc) is achieved by dimensioning the bottom piston to a calculated length
with respect to a defined lower salt cell height (fixing the Tc-position) and assuming the salt
compaction during building up of the pressure (1.5, 1.7 and 1.8 mm compaction for 500, 1000
and 1500 MPa experiments, respectively). Around the sample and pistons the inner salt pieces
are fitted, together forming the inner salt cell. The inner salt cell consists of 3 pieces: The
lower and upper salt pieces have an inner diameter of ∼ 6.5 mm providing a tight fit for the
alumina pistons. The middle inner salt piece has an inner diameter of ∼ 7 mm providing a
tight fit for the sample. A hole for the thermocouple is drilled into the middle inner salt piece
(Figs. 2.6, 2.7) and furnace assembly. In the early experiments, sodium chloride (NaCl) and
in the later experiments potassium iodide (KI) was used for the inner salt cell (see Appendix
B). KI has a lower flow stress and melting point (Inoue, 1957; Tmelt = 681 ◦C at ambient
pressures), so that it is a more suitable pressure medium at low temperature. Around the
inner salt cell a resistivity furnace consisting of an inner and outer pyrophyllite tube and a
central graphite tube is placed. The hole for the Tc through the furnace holds an alumina
ring inside to insulate the K-type thermocouple electrically from the furnace. On top and
bottom of the furnace two 1 mm thick copper discs are placed to allow the transmission of
the current through the furnace. The outer salt cell consists of an upper and lower salt piece
made of NaCl. The outer salt cell is wrapped with a Teflon tape to reduce friction on the salt
/ pressure vessel interface and to reduce friction and corrosion of the pressure vessel walls,
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Figure2.6:Sampleassemblyandsample.a)sampleassemblyusedinmostexperimentsb)sampleassembly
usedwiththegraphiteupperplugc)sample(modifiedafterTarantolaetal.,2010).

2.3Sampleassembly

Asolidsaltsampleassembly(Figs.2.6,2.7)isusedtotransmittheconfiningpressure.
Variousmodificationsweretriedout,especiallyregardingthesaltmaterialusedfortheinner
saltcellandtheupperplugmaterial(seeAppendixB).Thesampleisplacedinbetweentwo
aluminapistonswhicharegroundflat,orthogonal,andplane-parallel.Thecorrectpositionof
thethermocouple(Tc)isachievedbydimensioningthebottompistontoacalculatedlength
withrespecttoadefinedlowersaltcellheight(fixingtheTc-position)andassumingthesalt
compactionduringbuildingupofthepressure(1.5,1.7and1.8mmcompactionfor500,1000
and1500MPaexperiments,respectively).Aroundthesampleandpistonstheinnersaltpieces
arefitted,togetherformingtheinnersaltcell.Theinnersaltcellconsistsof3pieces:The
loweranduppersaltpieceshaveaninnerdiameterof∼6.5mmprovidingatightfitforthe
aluminapistons.Themiddleinnersaltpiecehasaninnerdiameterof∼7mmprovidinga
tightfitforthesample.Aholeforthethermocoupleisdrilledintothemiddleinnersaltpiece
(Figs.2.6,2.7)andfurnaceassembly.Intheearlyexperiments,sodiumchloride(NaCl)and
inthelaterexperimentspotassiumiodide(KI)wasusedfortheinnersaltcell(seeAppendix
B).KIhasalowerflowstressandmeltingpoint(Inoue,1957;Tmelt=681◦Catambient
pressures),sothatitisamoresuitablepressuremediumatlowtemperature.Aroundthe
innersaltcellaresistivityfurnaceconsistingofaninnerandouterpyrophyllitetubeanda
centralgraphitetubeisplaced.TheholefortheTcthroughthefurnaceholdsanalumina
ringinsidetoinsulatetheK-typethermocoupleelectricallyfromthefurnace.Ontopand
bottomofthefurnacetwo1mmthickcopperdiscsareplacedtoallowthetransmissionof
thecurrentthroughthefurnace.Theoutersaltcellconsistsofanupperandlowersaltpiece
madeofNaCl.TheoutersaltcelliswrappedwithaTeflontapetoreducefrictiononthesalt
/pressurevesselinterfaceandtoreducefrictionandcorrosionofthepressurevesselwalls,
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

# Sample Voltage
(kV)

Probe 
current

(nA)

Pressure
(Pa)

Aperture
(µm)

WD
(mm) Magn. Speed

(Hz)
Time
(h:m)

Reflectors
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Mean 
MAD

Hough
resol. Binning Step size

(µm)
Map size
(µm· µm)

Hit rate
(%)

undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:

BHQ 20 5.3 35 120 9.48 200x 40.5 9:19 48 / 9 0.58 120 4x4 1.0 1388· 980 91.4

scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:

1a w940 20 n.a. 2 120 14.5 250x 22.6 17:50 75 / 9 0.89 70 2x2 0.5 500· 725 44.1

1b w1092 20 n.a. 28 120 14.47 250x 22.8 18:45 75 / 10 0.90 110 2x2 0.5 550· 700 92.8

1b w1092-s30 20 n.a. n.a. n.a. 14.7 n.a. 11.2 10:48 75 / 9 0.81 70 2x2 0.5 241.5· 452 77.3

2a w1086 20 3.0 20 120 14.6 150x 22.6 5:54 75 / 9 0.90 70 2x2 0.5 600· 200 72.0

2b w946 20 n.a. 28 120 13.49 300x 22.8 18:16 75 / 10 0.62 110 2x2 0.5 750· 485 94.3

3a w1010-s34 20 9.0 25 120 14.3 200x 40.3 3:02 75 / 9 0.78 70 4x4 1.0 430· 980 82.1

3a w1010-s36 20 9.0 25 120 14.3 200x 11.4 2:51 75 / 9 0.84 70 2x2 1.0 500· 830 78.5

3b w935 20 n.a. 28 120 13.35 200x 22.8 15:58 75 / 10 0.57 110 2x2 0.9988 1275.5·1025.8 93.1

3b w965-s40 20 6.0 25 120 15.0 150x 40.3 14:28 75 / 9 0.82 70 4x4 1.0 840· 700 76.9

3b w965-s45 20 3.0 20 120 148 250x 22.6 14:00 75 / 10 0.75 70 2x2 0.25 180· 400 89.0

General shearing experiments on BHQ



these are the samples from regime 1 to 3, low to high strain
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find the grains - find the grain boundaries !
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show the grain size on maps
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map the grain size in texture domains
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find 'the' grain size for regime 1, 2, and 3
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find the grain size as function of texture
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plot the grain sizes as function of flow stress

top<< >>

 number density h(d)

volume density v(D)

d, D

(%)

d(µm)	 = 3631 · Δσ (-1.26)

d(µm)	 =    78 · Δσ (-0.61)
regime 2 & 3
regime 1

d = diameter of 2D circles
D = diameter of 3D spheres

RMS of h(d)
mode of v(D)

Piezometer of Stipp & Tullis (2003):

high γ texture7 samples

Y max

B max

di
am

et
er

 (
µm

) 
  

(a) (b) (c)

texture

Y max

B max

di
am

et
er

 (
µm

) 
  

high γ 7 samples

Δσ (MPa)     Δσ (MPa)     Δσ (MPa)     



and now for the details !
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... on the process of segmentation: ... on finding the correct grain size:

EBSD / mtex segmentation - CIP segmentation

comparison   mtex - Lazy grain boundary

choosing a mean grain size

the influence of bin size

the influence of sample size

no access to stripstar ?!   ... fake it !

filled - not filled

compare segmentations

noise filtering - segmentation

segmenting CIP-type misorientation images

grain from misorientation images

segmenting CIP-type orientation gradient images

grains from orientation gradient images

comparing grain size maps

big difference - small difference ?

Abstract

EBSD data acquisition, image processing and segmentation

Grain size measurements



seg >6° misorientation seg >3° misorientation CIPseg > 1° EDG8a & tji

EBSD / mtex segmentation - CIP segmentation

details<< >>



ImageJ/Fiji > Process Noise - Outliers:
a) radius 2 color difference 1 bright
b) radius 1 color difference 1 dark

ImageSXM / Lazy grain boundaries
misorstacks	 mis-45-90  misE2  misH2  misN2
	 misr1  misr2  misr3  misr4

 (1)  Euler (2)  azi inc mask

(5)  misor grain boundaries (6)  misor grains >75%index(4)  mtex grain boundaries

(3)  azi inc mask filtered

50 µm

noise filtering - segmentation
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comparison   mtex - Lazy grain boundary

Euler azi inc filtered + misor gb + misor gb >75%index + mtex gb
details<< >>



segmenting CIP-type misorientation images
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grains from misorientation images

details<< >>



segmenting CIP-type orientation gradient images
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grains from orientation gradient images

details<< >>



comparing grain size maps
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big difference - small difference ?  2° threshold

w965_40__dauphineThreshold_2_CaxAngleThreshold_2

hexagonal Dauphiné c-axis
details<< >>



big difference - small difference ?  4° threshold

w965_40__dauphineThreshold_4_CaxAngleThreshold_2

hexagonal Dauphiné c-axis
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big difference - small difference ?  6° threshold

w965_40__dauphineThreshold_6_CaxAngleThreshold_2

hexagonal Dauphiné c-axis
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choosing a mean grain size

arithmetic mean X ̅ = 1/n · ∑ xi

geometric mean G = n√ ∏ xi

harmonic mean H = 1 / ( 1/n · ∑1/xi ) = n / ∑1/xi

root-mean-square RMS = √ ( 1/n · ∑ xi2 ) ≈  area average

Median = ｛  x(n+1)/2

(xn/2 + x n/2+1) / 2 
  if n = odd
  if n = even

Mode = most frequent valuemost frequent value

symm. + skew - skew
X ̅ 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/X ̅ 108% 110% 106%

RMS > X̅ ≥ G ≥ H

-+

⇒ RMS overestimates mean details<< >>



the influence of bin size

mode(D) = 104 µm

mode(D) = 105 µm
BHQ undeformed   EBSD 1µm step size 
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the influence of sample size
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no access to stripstar ?!   ... fake it !

v(D) d2· h(d) d3· h(d)

find the mode:

from 2D diameters to 3D:
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filled - not filled

sample
index
(%) n

mode v(D)
filled

RMS(d)
filled n

mode v(D)
not filled

RMS(d)
not filled

w946 98.6 17076 7.4788 4.9373 17209 7.3889 4.8918

w935 95.6 10835 17.058 10.747 10778 16.532 10.509

w965-s40 88.6 8791 12.363 8.9981 9645 11.845 8.3442

2D not filled

3D not filled

2D filled

3D filled
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compare segmentations

sample
indexing 
rate (%)

RMS(d)
EBSDc

RMS(d)
EBSDnc

RMS
CIP

RMS ratio
CIP/EBSDc (%)

mode v(D)
EBSDc

mode v(D)
EBSDnc

mode
CIP

mode ratio
CIP/EBSDc (%)

w946 94.3 4.9373 4.8918 4.5242 91.6 7.4788 7.3889 6.5284 87.3

w935 92.3 10.747 10.509 9.3815 87.3 17.058 16.532 14.543 85.3

w965-s40 76.9 8.9981 8.3442 7.5841 84.3 12.363 11.845 10.964 88.7

w965-s45 89.0 7.4375 6.9302 6.6653 89.6 11.374 10.925 10.05 88.4
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... and in case you missed it ... here is the Abstract
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EBSD data acquisition, image processing and segmentation

1 2 3 4 5 6 7 8 9 10 11 12

# Map Source
Cropped size

(px)
Hit rate raw

(%)
Hit rate deN

(%)
Step size

(µm)
Images used Magn.

Pixel size
(µm)

Procedure
Definition

(°)

BHQ EBSD 1388· 980 91.4 94.5 1.0 8 misors 1 1 LGB interactive n.a.

bhq 2.5x CIP 1388 · 1040 - - 2.439 nopol 1 2.439 visual boundaries n.a.

1a w940 EBSD 1000· 500 86.5 95.6 0.50 8 misors 2 0.25 euoz-th25-itjitji-x-1y-1 1.2

1b w1092 EBSD 1100· 1400 76.0 89.8 0.50 8 misors 2 0.25 eoz-th50mjtji 2.5

1b w1092-s30 EBSD 483· 904 77.3 92.9 0.50 8 misors 2 0.25 eoz-th50mjitji 2.5

2a w1086 EBSD 1200· 400 72.0 81.0 0.50 8 misors 2 0.25 eoz-th25-er5-mmmjitji 1.2

2b w946 EBSD 1500· 970 94.3 98.6 0.50 8 misors 2 0.25 eoz-th50itji 2.5

3a w1010-s34 EBSD 450· 980 82.1 91.2 1.00 8 misors 2 0.50 eoz-th50i-tjitji 2.5

3a w1010-s36 EBSD 500· 830 78.5 90.0 1.00 8 misors 2 0.50 eoz-th50i-tjitji 2.5

3b w935 EBSD 1277·1027 92.3 95.6 0.9988 8 misors 2 0.4994 eoz-th32i-e5dH-mjitji 1.5

3b w965-s40 EBSD 840· 700 76.9 88.6 1.00 8 misors 4 0.25 ueuoz-th50er5-ttjitji 2.5

3b w965-s45 EBSD 720· 1600 89.0 94.8 0.25 8 misors 1 0.25 eoz+m-th40-e5dG-mjitji 2.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

# Sample Voltage
(kV)

Probe 
current

(nA)

Pressure
(Pa)

Aperture
(µm)

WD
(mm) Magn. Speed

(Hz)
Time
(h:m)

Reflectors
/ Bands

Mean 
MAD

Hough
resol. Binning Step size

(µm)
Map size
(µm· µm)

Hit rate
(%)

undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:undeformed material:

BHQ 20 5.3 35 120 9.48 200x 40.5 9:19 48 / 9 0.58 120 4x4 1.0 1388· 980 91.4

scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:scanned sites of experiments:

1a w940 20 n.a. 2 120 14.5 250x 22.6 17:50 75 / 9 0.89 70 2x2 0.5 500· 725 44.1

1b w1092 20 n.a. 28 120 14.47 250x 22.8 18:45 75 / 10 0.90 110 2x2 0.5 550· 700 92.8

1b w1092-s30 20 n.a. n.a. n.a. 14.7 n.a. 11.2 10:48 75 / 9 0.81 70 2x2 0.5 241.5· 452 77.3

2a w1086 20 3.0 20 120 14.6 150x 22.6 5:54 75 / 9 0.90 70 2x2 0.5 600· 200 72.0

2b w946 20 n.a. 28 120 13.49 300x 22.8 18:16 75 / 10 0.62 110 2x2 0.5 750· 485 94.3

3a w1010-s34 20 9.0 25 120 14.3 200x 40.3 3:02 75 / 9 0.78 70 4x4 1.0 430· 980 82.1

3a w1010-s36 20 9.0 25 120 14.3 200x 11.4 2:51 75 / 9 0.84 70 2x2 1.0 500· 830 78.5

3b w935 20 n.a. 28 120 13.35 200x 22.8 15:58 75 / 10 0.57 110 2x2 0.9988 1275.5·1025.8 93.1

3b w965-s40 20 6.0 25 120 15.0 150x 40.3 14:28 75 / 9 0.82 70 4x4 1.0 840· 700 76.9

3b w965-s45 20 3.0 20 120 148 250x 22.6 14:00 75 / 10 0.75 70 2x2 0.25 180· 400 89.0
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Grain size measurements
1 2 3 4 5 6 7 8

Map
Number of 

grains
Mode v(D)

Standard 
deviation

µ + σ µ + 2σ µ + 3σ RMS(d)

undeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartziteundeformed Black Hills Quartzite

BHQ undef. EBSD 216 104.1200 5.3856 109.51 114.89 120.28 77.214
BHQ undef. CIP 1146 103.9600 13.847 117.81 131.65 145.50 89.964

(a) all maps(a) all maps(a) all maps(a) all maps(a) all maps(a) all maps(a) all maps(a) all maps

1a-w940 5914 5.2979 1.9958 7.2937 9.2895 11.29 4.1186
1b-w1092 34115 4.0942 1.4439 5.5381 6.9820 8.43 3.4025
1b-w1092-s30 9871 4.0790 1.4839 5.5629 7.0467 8.53 3.3308
2a-w1086 4377 5.7705 2.1522 7.9227 10.075 12.23 4.9579
2b-w946 19279 6.5284 2.9552 9.4836 12.439 15.39 4.5242
3a-w1010-s34 6441 9.0813 3.4139 12.495 15.909 19.32 7.9589
3a-w1010-s36 5792 9.2756 3.4170 12.693 16.110 19.53 8.3934
3b-w935 13354 14.5430 6.5298 21.073 27.603 34.13 9.3815
3b-w965-s40 10910 10.9640 4.3534 15.317 19.671 24.02 7.5841
3b-w965-s45 1860 10.0500 4.3044 14.354 18.659 22.96 6.6653

(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)(b) dependence on grain kernel average misorientation (gKAM)

1b-w1092 high gKAM 19391 3.9213 1.3561 5.2774 6.6335 7.99 3.2697
1b-w1092 low gKAM 14725 4.2960 1.5167 5.8127 7.3295 8.85 3.5699
2b-w946 high gKAM 13406 5.6628 2.4508 8.1136 10.564 13.02 4.0418
2b-w946 low gKAM 6396 7.7984 3.1009 10.899 14.000 17.10 5.4014
3b-w935 high gKAM 7898 13.0990 5.8398 18.939 24.779 30.62 8.6666
3b-w935 low gKAM 6220 16.2140 7.1071 23.321 30.428 37.54 10.267

(c) texture dependence(c) texture dependence(c) texture dependence(c) texture dependence(c) texture dependence(c) texture dependence(c) texture dependence(c) texture dependence

1b-w1092 all (center strip) 25553 4.2660 1.4415 5.7075 7.1490 8.59 3.4041
1b-w1092 B-domain 11647 4.6881 1.8084 6.4965 8.3048 10.11 3.4741
1b-w1092 Y-domain 2289 4.1495 1.2075 5.3570 6.5646 7.77 3.2928
2b-w946 all 19280 6.5776 2.9357 9.5133 12.449 15.38 4.5241
2b-w946 B-domain 7425 7.2038 3.3556 10.559 13.915 17.27 4.7579
2b-w946 Y-domain 5634 6.5537 2.8060 9.3597 12.166 14.97 4.4397
3b-w965 all 10910 11.0140 4.3210 15.335 19.656 23.98 7.5828
3b-w965 B-domain 2203 11.5460 4.8128 16.359 21.172 25.98 7.8153
3b-w965 Y-domain 7385 11.0500 4.2983 15.348 19.647 23.94 7.6113
3b-w935 all 13359 14.6840 6.8181 21.502 28.320 35.14 9.3800
3b-w935 B-domain 2817 14.1530 6.8712 21.024 27.895 34.77 9.1574
3b-w935 Y-domain 7702 15.972 7.0684 22.413 29.482 36.55 9.5594
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