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Abstract: Electron backscatter diffraction ( EBSD ) is a superior technique for twin characterisation due to

its ability to p rovide highly detailed classification ( by generation, system and variant) of a significant

number of twins in a relatively short time. 2D EBSD is now widely used for twin characterisation and p ro2
vides quite good estimates of twin volume fractions under many conditions. Nevertheless, its accuracy is

lim ited by assump tions that have to be made due to the 2D nature of the technique. W ith 3D EBSD, two

key assump tions are no longer required, as additional information can be derived from the 3D map. This

paper compares the benefits and lim itations of 2D and 3D EBSD for twin characterisation. 2D EBSD ena2
bles a larger number of twins to be mapped in a given space of time, giving better statistics. 3D EBSD

p rovides more comp rehensive twin characterisation and will be a valuable tool for validation of 2D stereo2
logical methods and m icrostructural models of twinning during deformation.
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In troduction

Twin characterisation p lays an important role in

understanding the deformation and annealing behaviour

of many metals, particularly those with hcp crystal

structures
[ 1～8 ]

. Often, the aim is to determ ine the vol2
ume fraction of twins within a material, perhap s as a

function of strain. However, many materials twin on

several different system s and form secondary or tertiary,

as well as p rimary, twins. Furthermore, the variants of

a particular twin type may be activated to differing ex2
tents. Analysis of these aspects of twinning can be criti2
cal to understanding the deformation behaviour of some

materials.

Detailed twin characterisation includes a break2
down of the volume fraction of twins by:

1) generation (p rimary, secondary, tertiary) ;

2) system ( fam ily of twinning p lanes and direc2
tions) ; and

3) variant ( specific p lane and direction within

this fam ily).

It may also include measuring aspects of twin mor2
phology, such as average thickness or aspect ratio, for

each twin type.

The lim itations of twin characterisation using tech2
niques other than EBSD are covered well by Henrie et

al
[ 5 ]

. Nevertheless, a brief summary is given here.

W ith op tical m icroscopy, twins are identified on a pol2
ished and etched cross2section on the basis of their

morphology. If the samp le is poorly etched, not all

tw ins may be revealed. D istinguishing the twinned part

of a grain from its parent becomes difficult with increas2
ing strain, as the twinned part may then comp rise the

majority of the grain and no longer have a typ ical twin

shape. In materials where multip le twinning system s

are active, it can be difficult to differentiate one type of

twin from another, although this may be done success2
fully at low strains in materials where the different twin

types exhibit quite different morphologies. TEM ena2
bles very detailed twin characterisation, e. g. Ref. [ 1 ] ,

but it is extremely time consum ing to measure enough

twins to obtain reasonable statistics using this tech2
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nique. Much larger volumes of material can be ana2
lysed using neutron diffraction, but information about

twin morphologies and the number of active variants can

not be obtained.

2D EBSD overcomes most of these lim itations by

simultaneously p roviding the crystallographic and mor2
phological information that is needed for detailed twin

characterisation and doing this over a large enough area

to give the results reasonable statistical significance. A s

a consequence, 2D EBSD has p layed an important role

in the analysis of the behaviour of materials that deform

by twinning in recent years
[ 2～8 ]

and manual, sem i2au2
tomatic and automatic methods for extracting twin statis2
tics from 2D EBSD data have been developed

[ 5, 9～12 ]
.

However, these statistics can only be extracted by mak2
ing assump tions about the 3D nature of the twins and

twin boundaries based on information in the 2D sec2
tion. W hile 2D boundary analysis works well forΣ3

boundaries in fcc materials
[ 10 ]

, its reliably has not

been tested over a wide range of materials and boundary

types. W ith 3D EBSD, comp rehensive twin characteri2
sation can be conducted without the need to make as2
sump tions about the third dimension. This paper com2
pares the p rocess of twin characterisation using 2D and

3D EBSD and discusses the benefits and lim itations of

the two techniques.

1　2D tw in character isa tion

The p rocess of measuring the volume fraction of a

particular twin type using 2D EBSD can be exp ressed

in the following six step s:

1 ) Identify candidate twin boundaries based on

m isorientation

2) Check coincidence of twin p lane normals

3) Check alignment of twin p lane normals with

boundary trace normal

4) D ifferentiate parent and twin regions

5) Calculate area fraction of twins

6) Convert area fraction to volume fraction

A summary of this p rocess is given below, using

the characterisation of {10 - 12} twins in a deformed

magnesium samp le as an examp le.

The first step is to highlight boundaries having a

m isorientation angle and axis that corresponds (within a

selected tolerance) to that of a particular twin type.

This is shown in Fig. 1, where the blue boundaries are

those having an 86°〈1 - 210〉m isorientation, the par2
ent2twin m isorientation for {10 - 12} twins in magnesi2
um. In most cases, the twin types expected in a mate2
rial and the corresponding parent2tw in m isorientations

will be known from the literature. If this is not the

case, the most p revalent parent2twin m isorientations in

a samp le can readily be identified by exam ining m isori2
entation angle and axis distributions

[ 4 ]
.

Fig. 1　A small area of an EBSD map taken on a

deformed magnesium alloy. Boundaries with an 86°

〈1 - 210〉m isorientation ( + / - 5°on both angle

and axis) are coloured in blue, while general grain

boundaries ( > 15°) are coloured in black

If the boundaries highlighted in step 1 are indeed

twin boundaries of the expected type, then the bounda2
ry p lane will be the expected twin p lane: ( a) the crys2
tals on either side of the boundary will have coincident

twin p lane normals and ( b) these twin p lane normals

will coincide with the normal to the boundary p lane.

W hile the first criterion ( a) can easily be checked u2
sing the pole figure for the twinning p lane ( Fig. 2 ) ,

the second one ( b) can not be checked with certainty

using a single 2D cross2section. W ith a single 2D

cross2section, the best that can be done is to check that

the coincident twin p lane normals lie along the trace of

the boundary normal on the 2D section ( Fig. 2 ). A s

will be seen later, with 3D EBSD a more rigorous test

can be app lied.
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Fig. 2　The { 10 - 12} p lane normals for the parent and

twin regions coincide and lie along the trace of possible

boundary p lane normals

　　The next step requires the discrim ination of parent

and twin regions. In the examp le given here, with a

low app lied strain and lenticular twins, the twins can

easily be identified by eye. However, at higher strains

( and with nearly parallel2sided twins) , this is more

difficult. In these cases, it is usual to discrim inate par2
ent and twin regions based on their crystallographic ori2
entation with respect to the imposed deformation. In

simp le cases ( Fig. 3 ) a qualitative comparison may

quickly reveal the parent and twin. The quantitative

way to separate parent and twin regions is using their

Schm id factor. W hile this p roduces good results in

some circum stances, even this method has lim ita2
tions

[ 11 ]
. Because of the inhomogeneity of deformation

within a bulk samp le, the stress state experienced by a

particular grain may differ markedly from that imposed

on the samp le as a whole. Grains sometimes twin in the

opposite manner to that expected from the imposed

strain, possibly due to inhomogeneous deformation

within the bulk but perhap s also due to the formation of

twins on unloading[ 4, 6, 7, 13 ] .

Fig. 3　{10 - 12} twinning occurs in response to tension paral2
lel to the c2axis of the parent grain. Therefore, the formation of

twins with〈0001〉app roximately parallel to Y1 in a parent grain

with〈0001〉app roximately parallel to X1 is compatible with

tension parallel to X1.

Once parent and twin regions have been identi2

fied, the area fraction of twins can be calculated quite

readily. However, the conversion from area to volume

fraction is still not straightforward since the volumes of

the twin and parent regions are not known. The conver2
sion may be accomp lished by making assump tions about

twin and grain dimensions based on measurements

made in the 2D section. This is discussed in more de2
tail by Mason et al

[ 11 ]
.

In summary, quite detailed twin characterisation

can be carried out using 2D EBSD. Its lim itations are

that:

1) the coincident twin p lane normals can not be

checked for alignment with the boundary normal (only

with the trace of the boundary normal in the section

p lane) ;

2) the selection of parent and twin regions can be

uncertain, particularly at moderate to high levels of

strain; and

3) assump tions have to be made in the conversion

from area to volume fraction.

3D EBSD

3D EBSD is the combined use of focused ion beam

( F IB ) m illing and electron backscatter diffraction

( EBSD) to create a 3D m icrostructural model that in2
cludes information about crystallographic orienta2
tion[ 14 ] . The 3D model is reconstructed from a series of

2D EBSD map s taken on successive cross2sections

through a material. The F IB cuts a fresh section, a 2D

EBSD map is taken on that section and the p rocess is

repeated for the number of sections required for the

model. The“dep th” ( or Z 2dimension) of the model

and the thickness (ΔZ ) of each section can be chosen

by the user. W hile the technique could theoretically be

used to generate high2resolution 3D EBSD models of

quite large m icrostructural volumes, in p ractice, the

volume of the model and its spatial resolution ( voxel

size) is lim ited by the time needed for both EBSD map2
p ing and F IB m illing. A p ractical size with today ’s

technology ( taking just over 24 hours to comp lete) is a

20 ×20 ×20μm volume with a 0. 2μm step size in

each direction.

The 3D EBSD model p resented below was ac2
quired on an FE I Nova 600 DualBeam fitted with an

HKL Nordlys II detector. Dedicated software ( EBS3

from FE I) was used to coordinate the F IB m illing and
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EBSD mapp ing to enable comp letely automated acquisi2
tion. EBSD mapp ing was carried out using HKL Corona

and post2p rocessing using HKL Channel ( 3D2EBSD )

software. More information about the acquisition

p rocess is given in Ref. [ 14 ]. A sim ilar p rocess could

be carried out using other F IB + SEM + EBSD system s

but would be much more labour intensive and time con2
sum ing due to the need to align the specimen manually

after each section is m illed.

2　3D Tw in Character isa tion

Figure 4a shows a 3D EBSD rep roduction of a

nickel thin2film samp le with a grain size in the order of

1μm. Just to the right of centre is a grain crossed by

two twins. A volume surrounding this grain was taken

as a subset ( Fig. 4 ( b) ). A grain reconstruction was

then performed on this subset, with twin boundaries in

cluded as grain boundaries so that each twin or parent

region was reconstructed as a separate“grain”. The

grain reconstruction is shown in Fig. 5, along with the

orientation of each twin or parent region as a schematic

unit cell and the best2fit ellip soid for each region as a

black wire2frame.

Fig. 4　3D EBSD rep roduction of a thin - film nickel samp le. ( a)

19. 4×12. 6 ×5μm volume consisting of cubic voxels with 0. 2μm

sides. Raw crystallographic data in inverse pole figure colouring su2
perimposed on Kikuchi band contrast. ( b) 10. 2 ×6. 4 ×4. 8μm

subset containing a twinned grain, showing data in inverse pole fig2
ure colouring after a small amount of noise reduction.

Fig. 5　Grain reconstruction of the subset in Fig. 4 ( b) with each grain in a different colour.

Twin boundaries have been included as“grain boundaries”, so that each segment of the

twinned grain in the centre is reconstructed as a separate“grain”. The crystallographic orien2
tations of the segments and their best2fit ellip soids are also shown.

　　O rientation data for the five regions within the

twinned grain are shown in Table 1 while Table 2 p res2
ents the angles and axes of m isorientation between the

regions. The regions are clearly related by a m isorienta2
tion very close to 60°〈111〉in each case. This infor2

mation can easily be gleaned from a single 2D EBSD

map cutting through the five regions. The additional in2
formation p rovided by 3D EBSD comes from automatic

calculation of the volume of each region and fitting of

best2fit ellip soids.

Table 1　Da ta for the f ive reg ion s marked in F ig. 5, automa tica lly genera ted dur ing 3D gra in recon struction

Region
No. of

Voxels

Volume

1000 ×
(μm3 )

Surface

A rea

(μm2 )

Mean O rientation,

Euler Angles (°)

Mean

M isorien2
tation (°)

Ellip soid Radii
(μm)

18 6039 50. 1 0. 894 91. 5, 41. 2, 65. 0 1. 326 0. 313, 0. 283, 0. 155
17 2276 18. 9 0. 898 358. 7, 27. 4, 5. 2 1. 211 0. 430, 0. 304, 0. 069
15 3240 26. 9 0. 926 92. 4, 39. 8, 64. 8 0. 979 0. 391, 0. 323, 0. 070
14 2147 17. 8 0. 619 1. 5, 27. 6, 2. 4 0. 508 0. 364, 0. 240, 0. 072
19 639 5. 3 0. 246 92. 9, 40. 8, 64. 6 0. 939 0. 280, 0. 099, 0. 054

　　Note: The mean orientations are exp ressed relative to the samp le coordinate system in this table, whereas in Ref. [ 14 ] they were

exp ressed in raw ( as acquired) form.
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Table 2　M isor ien ta tion s between the f ive reg ion s marked in F ig. 5

Regions
M isorientation

Angle (°)
M isorientation Axis
( nearest low index axis)

Deviation of actual m isorientation axis from

nearest low index axis (°)

18 - 17 58. 67 [ 1 - 1 - 1 ] 1. 42

17 - 15 59. 86 [ 1 - 11 ] 0. 44

15 - 14 59. 44 [ - 111 ] 0. 71

14 - 19 59. 80 [ 1 - 11 ] 0. 24

　　The shortest axes of the best2fit ellip soids app roxi2
mate the normals to the boundary p lanes between the

regions. So the coincident twin p lane normals for adja2
cent grain segments can be compared with these, rather

than just with the trace of the boundary p lane normals.

This comparison is illustrated in Fig. 6. There is a 17°

m isorientation between the direction of the coincident

{111} p lane normals and the average direction of the

shortest axis of the best2fit ellip soids, which is close to

a coincident〈234〉direction. This considerable devia2
tion of the measured boundary p lane from {111} could

result from a few possible sources. One is the app roxi2
mation of the boundary p lane normals by the short2axes

of the best2fit ellip soids. A more accurate method

would be to calculate boundary p lane normals during

the grain reconstruction p rocess. Another possibility is

that at least part of the deviation is real. Near - {111}

Σ3 boundaries can accommodate considerable deviation

from the { 111 } p lane via step s in the boundary[ 15 ] .

M isalignment of the 2D sections can be elim inated as a

possible source of error due to the sub2p ixel accuracy of

the automatic alignment p rocess used in this work
[ 14 ]

.

Fig. 6　{111} pole figure showing the coinci2
dent twin p lane normals ( circled in orange )

and the average direction of the shortest best2fit
ellip soid axes for the five regions marked in

Fig. 5 ( red dot).

The advantages of 3D EBSD over 2D EBSD for

twin characterisation are that:

1) the automatic calculation of grain segment vol2
umes enables accurate calculation of twin volume frac2
tions, rather than assump tion2based conversion from ar2
ea fractions; and

2 ) the coincident twin p lane normals can be

checked for alignment with the actual boundary normals

( although in this analysis the actual normals were ap2
p roximated by the shortest axes of the best2fit ellip2
ses).

Uncertainty in the selection of parent and twin re2
gions, particularly at moderate to high levels of strain,

remains a lim itation of the technique. D isadvantages

compared with 2D EBSD are the need for more expen2
sive equipment and the smaller number of twins that

can be mapped in a given period of time.

3　Conclusion s

EBSD is a powerful technique for twin characteri2
sation. It enables detailed classification of twins based

on generation, system, variant and morphology. This

either can not be done as reliably or can not be done on

a reasonable statistical basis with other techniques. 3D

EBSD takes EBSD twin characterisation to the next lev2
el by enabling the boundary p lane to be determ ined

( rather than just its trace) and twin volume fractions to

be calculated more accurately. A lthough the m icro2
structural volumes that can currently be mapped with

3D EBSD are reasonably small, the technique is valua2
ble for validation of stereological p rocedures used on 2D

EBSD map s and for detailed characterisation of grain,

feature or particle shape.
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·动态与信息·

《中国科学技术协会年鉴》(2006)开始征稿

2005年 12月 19日 ,《中国科学技术协会年鉴》(2006)编纂工作正式开始启动。

《中国科学技术协会年鉴》的编辑工作一直备受各位领导的关注 ,该书编委会主任由中国科协副主席、党

组书记、书记处第一书记邓楠担任。

《中国科学技术协会年鉴》(以下简称《年鉴》)是反映中国科协系统年度工作的纪实性、史料性文献资料

集 ,每年一集 ,内容主要记载上一年中国科协系统的重要工作和重点活动成果 ,体现中央、国务院对中国科协

工作的重视和关怀 ,体现广大科技工作者在科协工作中的主导地位和作用 ,反映中国科协改革与发展的成

就。旨在对内指导工作 ,促进工作水平的提高 ;对外展示形象 ,促进社会各方面对中国科协工作的理解和支

持。《年鉴》的编辑、出版 ,是中国科协自身建设中的基础性工作。

为增强《年鉴》的时效性 ,提高《年鉴》的使用价值 ,及时反映科协工作情况 ,更好地为中国科协系统提供

服务 ,今后《年鉴》(包括 2006年 )的出版时间将调整为上半年。《年鉴》(2006)将于 2006年 5月底出版。请

全国性学会、协会、研究会 ,各省、自治区、直辖市科协 ,新疆生产建设兵团科协等继续给予积极配合 ,于 2006

年 2月 8日前提供相关稿件。

本次年鉴的编辑工作将首次由中国科协信息中心负责完成。相关信息请留意中国科协的通知通告。


