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What is a Grain?

ÅA grain is a region of material 

with the same crystallographic 

orientation

ÅThe nucleation of new grain 

orientations can be random or  

non-random

ÅEBSD is a useful tool for 

investigating this

Callister
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Understanding How Grains Form and Grow

The growth behavior of Indium 

Oxide films on (001) MgO 

substrates has been studied using 

OIM. The early stages of the In2O3

film deposition predominantly occurs 

with the (111) planes parallel to the 

surface of the substrate and the 

growth proceeding in the [111] 

direction of the film. At a later stage 

in the growth process, however, the 

predominant growth direction 

becomes the [001] direction. 

Farrer, J.K., The Application of Electron Diffraction to 

the Study of Surfaces and Interfaces in Ceramic 

Materials. Ph.D. 2004, Minneapolis, Minnesota: 

University of Minnesota
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What is Microstructure?

Å Conventional Measures of 

Microstructure

ï Grain Size Optical/Electron 

Microscopy

ï Grain Shape Optical/Electron 

Microscopy

ï Chemistry EDS

ï Phases EDS & BSE

Å What is missing?

ï Grain Crystallographic Orientations

ï Grain Boundary Misorientations
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How Do We Traditionally See Grains?

ÅWith microscopy techniques 

sometime we see grain contrast 

(left) and other times we see 

grain boundary contrast (right)

ÅChemical etching is generally 

used to reveal grain boundaries.

ïDoesnôt always reveal all grain 

boundaries

ïCan have trouble with multiphase 

materials
Callister
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Measuring Grain Size Traditionally

ÅDifferent 

approaches 

available to 

measure 

grain 

boundaries

ÅRequire 

positive ID 

of boundary 

locations
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Motivation for EBSD Grain Size 

Measurements
Given all of the uncertainties associated with conventional grain size measurements can we measure grain size 

using EBSD? Particularly problematic in materials where it is difficult to get good grain boundary contrast 

(aluminum).

A. Day (1998). "Is that one grain or two?" Materials World 6: 8-10
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Why Grain Size is an Important Measurement

Å Hall-Petch relationship

Å Low temperatures

Å „ - Yield stress

Å „ - Lattice friction 

stress

Å Ὧ - Yielding constant

Å Higher temperatures

Å Constant load

Å ‐- Steady state strain rate

Å DïDiffusion coefficient

Å GïShear modulus

Å bïBurgers vector

Å kïBoltzmannôs constant

Å T - Temperature

Å „ïApplied stress

Å p, nïinverse grain size 

exponents

„ „ ὯὨ ‐
ὃὈὋ╫

ὯὝ

╫

Ὠ

„

Ὃ

ñIt is now well known that the grain size is the major microstructural parameter in dictating the 

properties of a polycrystalline materialò

Huang and Landon, Materials Today, Vol 16(3) 2013
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Orientation Imaging Microscopy (OIM)

j1, F, j2
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Grains in OIM

ÅWith EBSD we measure 

orientations directly

ÅGrain boundaries are 

determined by quantified 

changes in orientation 

(misorientrations)

ÅGrain are determined by 

grouping together similar 

orientations
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Showing Grains vs. Showing Orientations

Orientation Map Grain Map

Grain map randomly colors detected grains to show size and 
morphology.  No adjacent grains are colored the same.
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Minimum Pixel Number
ÅWhen grouping together 

pixels as grains, we can 

specify the minimum 

number of pixels 

required.

ÅHelps improve 

confidence in grain 

determination.

ÅImportant relative to 

grain size distribution 

and step size

1 ñPixelò 3 ñPixelsò
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Grain Tolerance Angle

ÅWhen grouping together 

points as grains, a grain 

tolerance angle is set.

ÅCan be easy to 

determine for some 

materials and 

interesting for others.

ÅSelection may depends 

on what the grain size 

value to be used for.

1 degree 15 degrees
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Grain Tolerance Angle

5Áis the OIM Analysis default grain tolerance angle
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Warning ïEBSD Data Cleanup

ÅBe aware that clean up 

can alter your grain size 

measurements

Further 

cleanup 

ahead
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Grain Boundary Types

ÅGrain boundaries can be 

classified:

ïLow Angle

ïHigh Angle

ïñSpecialò

ÅThe associated grain boundary 

energy is dependent on grain 

boundary type.

ÅType influences etching 

behavior for traditional 

visualization Porter and Easterling
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What is a Low Angle Grain Boundary?

ÅLow-angle grain boundaries 

can be described as an array 

of dislocations

ÅCan cause sub-grain 

dislocation cell structures

ÅGrain boundary energy 

increases with increasing 

misorientation

Porter and Easterling
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What is a High Angle Grain Boundary?

ÅAs larger misorientations, the 

boundary interface can no 

longer be described by 

dislocations.

ÅThe disorder at transition zone 

influences boundary properties

ïDiffusion

ïSegregation

Porter and Easterling
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Example 1 ïAluminum Thin Film

Å180 µm x180 µm Scan Area

Å150 nm Step Size

Å1,656,143 Points

ÅHexagonal Grid Sampling

Å4.29 µm Ave Grain Size

Å1,532 Whole Grains



21

Why This Sample?

ÅDifficult to visualize grain  

boundaries

ÅGrain size below optical 

microscopy limits

ÅGrain size important for reliability 

in microelectronic applications 

with this material
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Correlating Microstructure with Performance

The MTF for an interconnect line stressed 

under electromigration conditions, as a 

function of crystallite morphology, is given by:

MTF = K(S/s2) log [I111/I200]
3

where S is the mean grain size and s is the 

standard deviation of the log normal grain size 

distribution. I111 and I200 are the intensities at 

the centers of the 111 and 200 pole figures.

(cf. Vaidya and Sinha, Thin Solid Films, 75, 

253, 1981) 

High MTF Al Film (I111 = 127) Low MTF Al Film (I111 = 14)
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Grain Maps

150 nm Steps 300 nm Steps 600 nm Steps

1.2 µm Steps 2.4 µm Steps 4.86 µm Steps
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Grain Size Results

Å Initially we count the number of points 

in a grain

Å The area (A) of a grain is the number 

(N) of points in the grain multiplied by 

a factor of the step size (s)

Å For square grids:  A = Ns2

Å For hexagonal grids:  A = NÕ3/2s2 

Å The diameter (D) is calculated from 

the area (A) assuming the grain is a 

circle:  D = (4A/p)1/2
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Number Fraction Distributions

Number fraction averaging uses calculation 

conventional numerical average 
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Area Fraction Distributions

Area fraction weights the averaged value by the area of 

each grain
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Number vs. Area Distributions

Often is can be difficult to see the smallest grains in the distribution, 

so your mental evaluation of grain size leans towards the area 

average
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Effect of Step Size on Grain Size 

Measurements

ÅRule of thumb is to select a step size between 1/5th to 1/10th the 

average grain size.

ÅCan approximate the average pixels per grain by (step size)2

Step Size Ave # Pixels 
/ Grain

AveGrain 
Size (µm)

Grain Size 
Change

# Grains (2 
pix min)

GrainSize0 / 
Step Size

Time Savings

150 nm 962 4.29 NA 1,532 28.6 NA

300 nm 242 4.32 0.7% 1,539 14.3 4x

600 nm 61 4.36 1.6% 1,573 7.2 16x

1.2 µm 16 4.54 5.8% 1,496 2.6 64x

2.4 5 5.43 26.6% 1,042 1.8 256x

4.8 3 8.13 89.5% 296 0.5 1024x
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Effect of Grain Size to Step Size Ratio
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Measuring Near Grain Boundaries
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Measuring Near Grain Boundaries
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Effect of Grain Size to Step Size Ratio

ÅStep size must be 

selected carefully 

depending on the 

measurements of 

interest

ÅHow can we quickly 

estimate grain 

size?
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Orientation Contrast Imaging
PRIAS IQ + Grain Map

Å This approach provides fast microstructural imaging with orientation, 

topographic, and atomic number contrast information.
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Linear Intercept Method

Å Results compare favorably 

with OIM mapping results 

(3.99 µm x 4.29 µm)

Å Intercept method can be 

applied to mapping data

Å Independent X and Y steps
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Special Grain Boundaries
Random High Angle Grain Boundary Special Grain Boundary

Special grain boundaries have some amount of atomic 

coordinate alignment across the boundary
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Special Grain Boundary Energies

Porter and Easterling
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Grain Boundary Engineering
Because of OIMôs ability to characterize grain boundaries in a statistical manner 

it is possible to correlate properties to grain boundary types.

GBEÊïGino Palumbo, Integran

PbCaSn battery grids in H2SO4 at 70°C

Conventional and Grain Boundary Engineered 

(increased density of special boundaries) 

battery grids after 40 charge-discharge cycles.
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CSL Boundaries

ÅSpecial boundaries can be 

classified as Coincident 

Site Lite or CSL boundaries

ÅPrimary twins in FCC 

materials are S3 CSL 

boundaries

ÅMisorientation

relationship and tolerance 

are specified

CSLïA line segment is 

drawn between two 

neighboring points if they 

are within a given tolerance 

of specified CSL (coincident 

site lattice boundary). 

Coincident site lattice 

boundaries are special 

boundaries where a given 

fraction of the atoms at the 

boundary are in coincident 

positions. The number 

fraction of coincident atom 

sites are given by 1/S. An 

example is given for S5 

which corresponds to a 

36.9° rotation about 

<001>. The tolerance is 

given by K/Sn. The default 

settings correspond to 

Brandonôs criterion (K=15°
and n = ½).
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CSL Boundary Effects in Solar Cells

Here Cathodoluminescence (CL) and OIM data are acquired from the same region to 

allow correlation between electrical and grain boundary properties.  Boundaries a, d, 

and e are Ɇ3 twin boundaries while boundaries b and c are random grain boundaries.  

Note the decrease in CL signal for the random boundaries.

Adapted from Abou-Ras et. al., Thin Solid Films 517 (2009) 
2545-2549.
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Polycrystalline Silicon for Solar Cells

Improve efficiency by making the grains as large as possible
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Grain Structure of Twinned Polysilicon
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From Largest to Smallest
ÅHaving multiple points of the same 

orientation gives confidence that we 

have really captured a small grain.

ÅSmallest grains are ~20nm in 

diameter

ÅT-EBSD down to < 5nm

ÅDependent on material (among 

other things)

ÅIt should be noted while grains as 

small as 8nm have been imaged, 

these grains are at the tail end of a 

distribution with an average grain 

size of approximately 50nm.

    100 nm
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Coherent Twins

ÅFor 2D EBSD data, we can infer coherency 

through plane alignment

ÅUses reconstructed boundaries

ñExtraction of Twins from Orientation Imaging Microscopy Scan Dataò S. I. Wright, R. J. Larsen, Journal of Microscopy, 205, 245-252 

(2002).
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Example 2 ïNickel Superalloy

ÅInconel 600

Å360 µm x 360 µm Scan Area

Å300 nm Step Size

Å1,656,143 Points

ÅHexagonal Grid

Å14.79 µm Ave Grain Size

Å365 Whole Grains

ÅLots of Twin Boundaries
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Grain Maps

300 nm Steps 600 nm Steps 1.2 µm Steps

2.4 µm Steps 4.8 µm Steps 9.6 µm Steps
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Effect of Step Size on Grain Size 

Measurements

ÅChange in grain size is much higher at any given grain size to 

step size ratio

ÅIs this due to twins in the microstructure?

Step Size Ave # Pixels 
/ Grain

AveGrain 
Size (µm)

Grain Size 
Change

# Grains (2 
pix min)

GrainSize0 / 
Step Size

Time Savings

300 nm 3747 14.79 NA 365 49.3 NA

600 nm 924 14.59 -1.3% 372 24.7 4x

1.2 µm 247 15.50 4.8% 363 12.3 16x

2.4µm 68 16.94 14.5% 330 6.2 64x

4.8 µm 20 19.40 31.2% 262 3.1 256x

9.6 µm 7 24.78 67.5% 172 1.5 1024x
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Twin-Corrected Grain Size
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Twin-Corrected Grain Size

ÅImproved relative performance over twin-included grain size

ïSelect step size relative to smallest features of interest

ÅWidth of grain size distribution also important

Step Size Ave # Pixels 
/ Grain

AveGrain 
Size (µm)

Grain Size 
Change

# Grains (2 
pix min)

GrainSize0 / 
Step Size

Time Savings

300 nm 9628 24.97 NA 119 83.2 NA

600 nm 2340 24.83 -0.6% 124 41.6 4x

1.2 µm 606 25.68 2.8% 132 20.8 16x

2.4µm 156 26.79 7.3% 129 10.4 64x

4.8 µm 41 27.90 11.7% 120 5.2 256x

9.6 µm 11 30.35 21.5% 109 2.6 1024x
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Grain Shape and Grain Aspect Ratio

ÅEllipses can  be fitted to each 

detected grain

ÅThis can be used to determine 

a grain aspect ratio based on 

grain shape

ÅThis information can help 

guide appropriate step size 

selection and grain 

interpretation
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Not all Grains are Circles

Swaged and ECAP Drawing and ECAP Drawing and Swaging Drawing and Swaging 
and Heating

Aluminum 6xxx alloy with different thermomechanical processing
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3D Printed Alpha Titanium 

Lath Structure
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Grain Area Analysis

200 nm Steps

Ave Grain Size = 2.89 µm

200 nm Steps

Ave Grain Size = 10.07 µm2

ÅGrain diameter does not really apply to this 

microstructure

ÅGrain area measurements more applicable
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Lath Size Analysis

ÅCan determine most 

grains are elliptical

ÅCan determine 

average aspect ratio = 

0.33

ÅCan determine 

average lath width = 

800 nm

ÅCan determine for 

each grain
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Correlating Grain Shape with Orientation

Data courtesy of Joe Michael - Sandia

Orientation Map (ND) Grain Map
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Correlating Grain Shape with Orientation

Ellipse Fittings Grain Major Axis Orientation Map

Data courtesy of Joe Michael - Sandia
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Multiphase Sample

ÅMicrostructure of electronic 

packaging component

ÅBimodal grain size 

distribution



57

Requires* Simultaneous EDS-EBSD Data
PRIAS - Center Phase PRIAS - Top

Å PRIAS Center shows microstructure of electronic device

Å EBSD Phase map is very noise, with unclear phase differentiation

Å PRIAS Top shows atomic number contrast, revealing layered phase 

structure
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Phase Differentiation at 1,400 iPPS
Fe Map Ni Map Cu Map

Phase Map (ChiScan) Inner Phase Grain Map Outer Phase Grain Map
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What About Points We Cannot Index?

ÅIndividual points vs. clustered points

ÅOther phases

ÅPores
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Example: Pore Area Determination
Å Pore area determination from Image Quality map

Å Dark pixels indicate areas that did not produce 

diffraction contrast

Å These should coincide with the pores

Å Be careful with low IQ areas along grain 

boundaries

Standard IQ map

96.1% highlighted
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Pore Area Determination 
Å Pore area determination from Grain Average Image Quality map

Å Grain Average IQ map ignores grain boundaries and small 

imperfections

Å Provides cleaner pore recognition

Å Note that the Image Quality does not always correlate well closely 

with the indexing result, e.g. even poor dark patterns may produce 

good indexing

Grain Average IQ map

97.1% highlighted
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Pore Area Determination using Indexing 

Success

As measuredUsing CI>0.1 filter

Total indexed fraction 

is 97.2%

Ą Pore area is 2.8%
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Further Analysis ïDefining Anti-grains
Å Grains in EBSD maps are created by grouping neighbouring 

pixels with a misorientation below a given threshold

Å A minimum number of pixels with corresponding orientation 

can be defined to exclude grains that would consist of single 

(or dual) points

Å After finishing the grain grouping algorithm there may be 

points 

that do not belong to any grains.

Å These points are then grouped together to form "Anti-Grains"

ï Anti-Grains are groups of neighbouring individual pixels 

that  that are either not-indexed or mis-indexed and do 

not belong to any grains

ï Minimum grain size (# of pixels) may be set to avoid great 

number of single pixel pores

Å This definition allows the geometry of pore spaces to be 

analysed
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IPF map

Anti-grains size distribution
IPF (anti-grain) map IQ map
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Anti-grains Geometry Analysis

Å Once the pore ñgrainsò have been defined all 

standard grain characterisation tools are available

ïe.g. size, circularity, shape aspect ratio, and 

shape orientation

Minor axis

Major axis

Grain shape orientation 

refers to the angle of the 

major axis from the 

horizontal

Grain shape aspect ratio is the 

length of the minor axis 

divided by the length of the 

major axis
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Anti-grains Geometry Analysis
Anti-grains aspect ratio map
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3D Grain Structure
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3D Grain Size Effects

ÅFIB Low Incidence Surface Milling (LISM) cuts a 

shallow slope into the material



69

3D Grain Size Effects

ÅBoth grain size and texture 

index increase as film 

thickness increases.

ÅSuggests ñType 1ò film growth 

and selected orientation 

growth rather selected 

nucleation growth.
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Film Growth Mechanisms

ÅDifferent materials can 

have different growth 

behavior

ÅType 1 growth 2D grain 

size will vary with 

sampling depth

ÅEBSD is a 2D sampling 

technique
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Summary

ÅEBSD can measure grain size from a wide range of materials 

and grain sizes

ÅGrain size measurements are obtained directly from measured 

crystallographic orientations and are not dependent on imaging 

grain boundary contrast

ÅSpecial grain boundaries can be identified and excluded from the 

grain grouping algorithm

ÅNon-indexed points can be grouped together and measured as 

anti-grains
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