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Abstract: Electron backscatter diffraction (EB) isa superior technique for tin characterisation due o
its ability © provide highly detailed classification (by generation, systam and variant) of a significant
number of wins in a relatively short tme 2D BB isnow widely used for twin characterisation and pro-
vides quite good estimatesof win wolume fractions under many conditions N evertheless, its accuracy is
Imited by assmptions that have © be made due © the 2D nature of the technique W ith 3D BBD, o
key asamptions are no longer required, as additional infomation can be derived fran the 3D map.  This
paper compares the benefits and limitationsof 2D and 3D EBD for win characterisation 2D EBD ena-
bles a larger number of wins o be mapped in a given Pace of time, giving better statistics 3D BBD
providesmore comprehensive win characterisation and will be a valuable tool for validation of 2D stereo-
logical methods and microstructural models of winning during deformation
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Introduction

Twin characterisation plays an important role in
understanding the deformation and annealing behaviour
of many metals, particularly those with hep crystal
structures® ®. Often, the aim is b detemine the vol-
ume fraction of winswithin a material, perhgps as a
function of strain However, many materials tvin on
several different systeansand fom secondary or tertiary,
aswell asprimary, wins Furthemore, the variantsof
a particular win type may be activated to differing ex-
tents Analysisof these apectsof winning can be criti-
cal © understanding the defomation behaviour of sme
materials

Detailed win characterisation includes a break-
down of the volume fraction of tins by:

1) generation (primary, secondary, tertiary);

2) systam (family of twinning planes and direc-
tions) ; and

3) variant ( pecific plane and direction within
this family).

It may al® include measuring agpectsof winmor-
phology, such as average thickness or agpect ratio, for
each win type

The Iimitations of twin characterisation using tech-
niques other than BB are covered well by Henrie et
al'®. Nevertheless a brief smmary is given here
W ith optical microscopy, wins are identified on a pol-
ished and etched cross-sction on the basis of their
momhology. If the sample is poorly etched, not all
twvinsmay be revealed D istinguishing the twinned part
of a grain fram itsparent becomes difficultwith increas
ing strain, as the tvinned part may then camprise the
majority of the grain and no longer have a typical win
shape In materials where multiple twinning systans
are active, it can be difficult to differentiate one type of
tvin from another, although thismay be done success
fully at lov strains in materialswhere the different win
types exhibit quite different momphologies TEM ena-
bles very detailed win characterisation, e g Ref [1],
but it is extranely time conaming t© measure enough
tvins 0 obtain reaonable statistics using this tech-
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nigue Much larger wlumes of material can be ana-
lysed using neutron diffraction, but infomation about
tvin momphologies and the number of active variants can
not be obtained

2D BB overcames most of these limitations by
simultaneously providing the crystallographic and mor-
phological information that is needed for detailed win
characterisation and doing thisover a large enough area
o give the reaults reaonable statistical significance As
a consequence, 2D BB hasplayed an mportant ole
in the analysisof the behaviour of materials that deform
by winning in recent years? * and manual, sami-au-
tomatic and automatic methods for extracting tvin statis
tics fron 2D BBD data have been developed™ ° **'.
However, these dtatistics can only be extracted by mak-
ing assumptions about the 3D nature of the wins and
tvin boundaries based on infomation in the 2D sec-
tion W hile 2D boundary analysis works well for2 3
boundaries in fcc materials™® |, its reliably has not
been tested over awide range of materials and boundary
types With 3D BB, comprehensive win characteri-
sation can be conducted without the need © make as
aumptions about the third dimension This paper com-
pares the process of win characterisation using 2D and
3D BBD and discuses the benefits and Imitations of
the wo techniques

1 2D twh character isation

The process of measuring the volume fraction of a
particular win type using 2D BB can be expresed
in the folloving six steps

1) Identify candidate win boundaries based on
migorientation

2) Check ooincidence of win plane nomals

3) Check aligoment of win plane nomals with
boundary trace nomal

4) Differentiate parent and win regions

5) Calculate area fraction of wins

6) Convert area fraction o volume fraction

A smmary of this process is given below, using
the characterisation of { 10 - 12} wins in a defomed
magnesium sanple as an exanple

The first step is © highlight boundaries having a
misorientation angle and axis that corregponds (within a
wlected lerance) o that of a particular win type

This is shown in Fig 1, where the blue boundaries are
those having an 86° 1 - 210 mirientation, the par-
ent-tvin mirientation for { 10 - 12} wins in magnesi-
umn Inmost cases, the win types expected in amate-
rial and the corregponding parent-tvin misrientations
If this is not the
cae, the most prevalent parent-ivin mirientations in

will be knovn from the literature

a sample can readily be identified by exaniningmisori-
entation angle and axis distributions .

: A A

Figl1 A snall area of an BBD meg taken on a

defomed magnesium alloy. Boundarieswith an 86°
1- 210 misrientation ( +/ - 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
tin boundaries of the expected type, then the bounda-
ry planewill be the expected win plane (a) the crys
talson either side of the boundary will have coincident
tvin plane nomals and (b) thes win plane nomals
will coincide with the nomal to the boundary plane
W hile the first criterion (a) can easily be checked u-
sing the pole figure for the Wwinning plane (Fig 2),
the second one (b) can not be checked with certainty
using a single 2D cross-sction With a single 2D
cross-sction, the best that can be done is to check that
the coincident win plane nomals lie along the trace of
the boundary nomal on the 2D sction (Fig 2). As
will be sen later, with 3D BB amore rigorous test
can be goplied
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Fig 2 The {10 - 12} plane nomals for the parent and
tin regions ooincide and lie along the trace of possible
boundary plane nomals

The next step requires the discrimination of parent
and tvin regions In the exanple given here, with a
lov applied strain and lenticular wins, the twins can
easily be identified by eye However, at higher strains
(and with nearly parallel-sided tvins), this is more
difficult In these cases it isusual © discriminate par-
ent and win regions based on their crystallographic ori-
entation with repect © the mposed defomation In
simple cases (Fig 3) a qualitative camparion may
quickly reveal the parent and twvin The quantitative
way b Sparate parent and win regions is using their
Schmid factor W hile this produces good reaults in
gme circunstances, even this method has Imita
tions ™.
within a bulk sample, the stress state experienced by a
particular grain may differ markedly fraom that mposed
on the ssmple asawhole Grains sImetimes win in the

Because of the inhamogeneity of defomation

opposite manner o that expected from the mposed
strain, possibly due t© inhamogeneous deformation
within the bulk but perhaps al® due o the fomation of
winson unloading™® ® " .

Fig 3 {10- 12} winning occurs in reponse o tension paral-
lel © the c-axisof the parent grain Therefore, the formation of
tvinswith 0001 goproximately parallel © Y1 in aparent grain
with 0001 approximately parallel © X1 is compatible with
tension parallel © X1

Once parent and tin regions have been identi-

fied, the area fraction of twins can be calculated quite
readily However, the conversion from area to wlunme
fraction is still not straightfomvard since the volunes of
the win and parent regions are not knovn The conver-
sion may be accamplished by making assmptions about
tvin and grain dmensions based on measurements
made in the 2D sction This is disussed in more de-
tail by M aon et al'™*’.

In ammary, quite detailed win characterisation
can be carried out using 2D EBD.
that

1) the coincident tvin plane nomals can not be
checked for aligoment with the boundary nomal (only
with the trace of the boundary nomal in the section

Its Iimitations are

plane) ;

2) the selection of parent and win regions can be
uncertain, particularly at moderate © high levels of
strain; and

3) asamptions have o be made in the conversion
from area o wolume fraction

3D EBD

3D BB is the combined use of focused ion bean
(FB) milling and electron backscatter diffraction
(BBD) w create a 3D micmostructural model that in-

cludes infomation about

[14]

crystallogrgphic  orientar
tion The 3D model is reconstructed fran a series of
2D BB maps taken on guccessive Cross ctions
through amaterial The FB cuts a fresh sction, a2D
BB mep is taken on that section and the process is
repeated for the number of sections required for the
model The" depth” (or Z-dimension) of the model
and the thickness (A Z) of each section can be chosn
by the user W hile the technique could theoretically be
used o generate high-reslution 3D BB models of
quite large microstructural volumes,
wlume of the model and its gatial reolution (voxel
size) islimited by the time needed for both EB D map-
ping and FB milling A practical size with today’s
technology (taking just over 24 hours o camplete) isa
20 x20 x 200 m wlume with a 0 2um step size in

in practice, the

each direction

The 3D EBBD model presented belov was ac-
quired on an FEI Nova 600 DuaBean fitted with an
HKL Nordlys Il detecior Dedicated oftvare (EBS3
from FEI) was used o coordinate the FB milling and
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BB D magpping o enable completely automated acquisi-
tion BB mgppingwas carried out using HKL Corona
and post-processing using HKL Channel (3D-EBD)

oftvare  More infomation about the acquisition
process is given in Ref [14]. A smilar process could
be carried out using other FB + SEM + BBD systans
but would be much more labour intensive and time con-
aming due o the need o align the pecimen manually
after each section ismilled

2 3D Twh Character isation

Figure 4a shovs a 3D BB reproduction of a
nickel thin-film samplewith a grain size in the order of
1y m. Just o the right of centre is a grain crossed by
tvo wwins A wlune surrounding this grain was taken
asa ubset (Fig 4(b)). A grain reconstruction was
then perfomed on this subset, with win boundaries in
cluded as grain boundaries © that each win or parent

region was reconstructed as a sparate” grain”. The
grain recongtruction is shovn in Fig 5, alongwith the
orientation of each twin or parent region as a schematic
unit cell and the best-fit ellipid for each region as a
black wire-frame

Fig 4 3D EBBD reproduction of a thin - film nickel sample (a)
19 4 x12 6 x54 m wolume consisting of cubic voxelswith O 24 m
sides Raw crystallographic data in inverse pole figure colouring su-
perimposed on Kikuchi band contrast (b) 10 2 x6 4 x4 8dm
subset containing a tvinned grain, showing data in inverse pole fig-
ure colouring after a snall anount 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”, @ that each segment of the
winned grain in the centre is reconstructed as a sparaté’ grain”. The crystallogrgphic orien-

tations of the segnents and their best-fit ellipoids are al© shovn

Orientation data for the five regions within the
tvinned grain are shown in Table 1 while Table 2 pres
ents the angles and axes of mirientation betveen the
regions The regions are clearly related by amisrienta

tion very close to 60° 111 in each case This infor-

mation can easily be gleaned from a single 2D BB
mgp cutting through the five regions The additional in-
fomation provided by 3D EBD cames fram automatic
calculation of the volume of each region and fitting of
best-fit ellipids

Tablel Data for the five regionsmarked n Fig 5 autamatically generated during 3D grain reconstruction

. Na of Volune Surface M ean Orientation, Mean Ellipoid Radii
Region Voxels 1000 Area Euler Angles (°) M isorien- ¢ m)
(m*) m?) tation (°)
18 6039 50 1 Q 894 915,412,650 1 326 Q 313, 0 283, O 155
17 2276 18 9 Q 898 358 7, 27. 4, 5 2 1211 Q 430, O 304, O 069
15 3240 26 9 Q 926 92 4, 39 8, 64 8 Q 979 Q 391, O 323, Q 070
14 2147 17. 8 Q 619 15 276,24 Q 508 Q 364, 0 240, Q 072
19 639 53 Q 246 92 9, 40 8, 64 6 0 939 0 280, 0 099, O 054

Note Themean orientations are expressed relative o the sample coordinate systam in this table, whereas in Ref [ 14] they were

expresed in rav (as acquired) fom
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Table2 M isorientations between the five regionsmarked n Fig 5

. M isorientation
Regions

M irientation Axis

Deviation of actual misrientation axis from

Angle (°) (nearest lowv index axis) nearest lowv index axis (°)
18 - 17 58 67 [1-1-1] 142
17 - 15 59 86 [1-11] Q 44
15- 14 59 44 [ -111] Q71
14 - 19 59 80 [1-11] Q 24

The dortest axes of the best-fit ellip Dids gop roxi-
mate the nomals o the boundary planes betveen the
regions S the coincident win plane nomals for adja-
cent grain segnents can be comparedwith these, rather
than justwith the trace of the boundary plane nomals
This comparin isillustrated in Fig 6 There isa 17°
migrientation betwveen the direction of the coincident
{111} plane nomals and the average direction of the
shortest axisof the best-fit ellipids which isclos
a ocoincident 234 direction This considerable devia-
tion of the measured boundary plane fran {111} could
reault fran a fev possible urces One is the gpproxi-
mation of the boundary plane nomals by the short-axes
of the best-fit ellipoids A more accurate method
would be o calculate boundary plane nomals during
the grain reconstruction process A nother possibility is
that at least part of the deviation isreal Near- {111}
2 3 boundaries can accommodate considerable deviation
from the { 111} plane via steps in the boundary'*'.
M isaligoment of the 2D sections can be eliminated as a
possible source of error due o the sub-pixel accuracy of

the automatic alignment process used in thiswork!**’.

{111} X

©

Fig 6 {111} pole figure showing the coinci-
dent tvin plane nomals (circled in orange)
and the average direction of the shortest best-fit
ellipoid axes for the five regions marked in
Fig 5 (red dot).

The advantages of 3D EBD over 2D BBD for

tvin characterisation are that

1) the automatic calculation of grain ssgment vol-
umes enables accurate calculation of win volume frac-
tions, rather than assmption-based conversion from ar-
ea fractions and

2) the ooincident win plane nomals can be
checked for aligomentwith the actual boundary nomals
(although in this analysis the actual nomalswere ap-
proximated by the shortest axes of the best-fit ellip-
®£s).

Uncertainty in the selection of parent and win re-
gions particularly at moderate o high levels of strain,
ranains a limitation of the technique D isadvantages
compared with 2D BB are the need for more expen-
sive equipment and the snaller number of wins that
can be mgoped in a given period of tme

3 Conclusions

BB isa pawverful technique for win characteri-
It enables detailed classification of twins based
on generation, gystam, variant and momhology This
either can not be done as reliably or can not be done on

sation

a reaonable satistical basiswith other techniques 3D
BB takesBBD win characterisation o the next lev-
el by enabling the boundary plane o be detemined
(rather than just its trace) and twin volume fractions
be calculated more accurately, A Ithough the micro-
structural volumes that can currently be mapped with
3D EBBD are reaonably snall, the technique isvalua
ble for validation of stereological procedures used on 2D
BB maps and for detailed characterisation of grain,
feature or particle shepe
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