Chapter 7

Orien tation Im aging

Micros copy and Grain
Boundar y Anal ysis in
Tempered Power Plant Steel

Over the past decade,the rapid, automated acquisition of large numbers of
grain orientation datain the SEM hasbecomepossible. The samplingvolume
for each measuremenhis su cien tly small that many measuremets can be
made within a singe grain, enabling point-by-point "maps' of orientation
data to be obtained and related directly to microstructure. By compaing
data from adjacen points, it is alsopossibleto determine the positions and
characteristics of grain boundaries.

Using this technique, grain orientationsand grain boundariesin Z%CrlMo
steelsin the as-quended and tempered states were investigaed, giving a
more camplete microstructural characterisation than would be possble by
convertional optical microscopy and SEM. The purposeof the study wasto
obtain insight into the likely microstructural origins of the changesin the
Barkhausen noise signal with tempering.
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Chapter 7 Orientation Imaging Microscoy

7.1 Grain orientation

The speci cation of grain oriertations requires the de nitio n of a crystal
coordinate systemc,, which is usually chosenwith referenceto the crystal
symmetry, and a samplesystemcs. This may be based onrolling, transwerse
and normal directionsif theseexist, but is otherwise de ned arbitrarily. The
crystal orientation is de ned by the rotation matrix G which brings the
crystal systeminto coincidencewith the sample system.

cc=G cq (7.2)

The elemens of G are given by:

COS ; COS ; COS
G = %p COS , COS » COS X (7.2)
COS 3 COS 3 COS 3
where 3, ; and ; arethe anglesbetween the crystal axis [10(J and the
specimen axes X, Y and Z respectively and the secondand third rows of
cosinescorrespond to the [010] and [001] axesreferred to the same sample
axes.

Only three independent variables are required to specify a crystal orien-
tation, sothe matrix format contains a certain amount of redundant infor-
mation. A variety of methods have beendeveloped to repre®n orientation
information more sucdnctly. These include pole gures, inverse pole g ures,
Euler anglesand angle-axispairs.

7.1.1 Pole gures and inverse pole gure s

If a crystal is envisagedat the centre of a sphere, a crystal axis can be
descibed by the point, or pole, at which it intersectsthe spheresurface. In
two dimensions, the stereographic projection of the sphereand the poles,
projected with referenceto speci ed sample axes, form a pole gure. An
indication of the sample texture can be obtained by plotting the poles of
selected crystal axesfrom a large number of crystals.
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Chapter 7 Orientation Imaging Microscoy

If, instead, directionsin the sample coordinate system are projected onto
the crystal coordinates, the result is an inversepole g ure. Becauseof crystal
symmetry, a single stereogaphic triangle contains all necessaryinformation.
In materials with cubic symmetry, the triangle containing < 100>, < 110>
and < 111 > is used.

7.1.2 Euler angles

The three Euler anges are the anglesof rotations which are applied sequen-
tially to bring the sample coordinate systeminto coincidencewit h the crystal
system. Seerd alternative corventions for theseexist but the Bunge system
(Bunge, 1965, 1985) is the most commonly used,and is the systemusel by
the automated orientation analysis software descibed below.

7.1.3 Angle-axis pairs

Orientati ons can be descriked as a single rotation performed about a speci-
ed axis to map the crystal coordinates onto the sample coordinates. This
notation can be usedto descrike di erences in orientation between adjacert
grains (misorientations) aswell as the orientations of individual crystals.

The matrix of misorientation M between grains of orientations G; and
G, is cdculated from:

M= G,'G> (7.3)

where oneof the grainsis arbitrarily desgnated as the referencegrain, with
orientation G;. The misorentation ande-axis pair, < UVW >, where
U2+ V2+ W? =1, and is measuredin a right-handed sense,is obtained
from M using the equations:

COSs = (M 11+ Mor+ Mag 1):2 (74)
U =My Mgz
V. =Mz My (7.5)
W =Mp My
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(Santoro and Mighell, 1973).

The angle-axispair description is commonly used to de<ribe grain mis-
orientatio ns becausdt canbe related to the geometry of the grain boundary
separding adjacent grains.

7.2 Grain boundary geometry

A grain boundalry is the plane where two crystals of di erent orientations
meet. Figure 7.1 shows an imaginary extensia of the lattices of two crystals
sothat they interpendrate with a comma origin. The misorientation angle-
axis par < UVW > descibesthe rotation which must be performed to
bring Lattice 1 into coincidencewith Lattice 2. A possible grain boundary
plane is marked on the left-hand diagram, but the position of this is not
dened by < UVW >. A parameter characterising the grain boundary
plane normal is required for a complete macroscopiccharacterisdion of the
boundary.

The left-hand diagram is a special case of grain boundary in which
< UVW > liesin the grain boundary plane. Thisis known asatilt boundary.
A generalboundary consistsof a tilt componert and also a twist componert
(a component of < UVW > perpendiaular to the boundary plane); an ex-
ample of such a boundary is shown in the right-hand diagram.

The imaginary interpenetrating region in Figure 7.1 cortains lattice points
from both crystal lattices. Certain rotations < UVW > will cause some
of the lattice points from Lattice 1 to comeinto caincidence with Lattice 2
points, giving a superlattice of coincidert points. This is known as a coinci-
dencesitelattice (CSL) and has alreadybeenmertionedbrie y in Chapter 3.
CSLsare characterisedby a parameter , which is the reciprocal of the ratio
[ number of lattice points in coincidence: total number of lattice points]. A
3 CSListhusonein which 1in 3 lattice points are coincident sites.

7.2.1 The coincidence site lattice model

The CSLis a ctitio us concept, sincethe two lattices do not redly interpen-
etrate, but it has relevanceat the grain boundary, wherethey meda. A CSL
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L/ Axis UVW Axis UVW

Angleq
Lattice 1 - '

Lattice 2
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—

Figure 7.1 The angle-axis pair < UVW > characterisesthe crystallo-
graphic orientation betweenthe two grains but the actual boundary can be
anywhere. After Randle and Engler, 2000

model of grain boundary geometry was proposedby Kronberg and Wilson

(1949 and extended by Brandon et al. (1964 and Brandon (1966). The
number of cancidence sites presert on the grain bounday plane depends
on the orientation of the plane, aswell asthe relationship between the two
lattices. Planeswith a higher proportion of coincidence sites allow better

matching and a closer t than those with few or no sud stes, and this

special periodicity has beenlinked with superior materials performance in

many applications (e.g. Watanabe, 1993, Randle, 199). Sincethe existence
of a coincidenae boundary requires predse ange and axis values, it might be
expeded that sud boundaries would be too rare to be of relevance in gen-
eral. However, it hasbeenfound that boundaries whose ange-axis pairs are
closeto thosefor true coincidencecan also exhibit special properties. In such

casesthe periodicity at the lattice is consened by the introduction of grain

bounday dislocations (Bollmann, 1970). This is similar to the description of

low-ande boundaries, of misorientation 10{15 or less,as periodic arrays of
dislocations (Read and Shackley, 1950). Low-angle boundariesare included
in the CSL model as a special case, 1 , in which all lattice sitescoincidein

the ideal geometry

The Brandon criterion, giving the maximum allowable deviation |, from
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ideal coincidencefor a  coincidence boundatry, is:

m= 0 1=2 (7.6)

where ¢ is a constant of proportionality set to 15 , the maximum allowable
deviation for a low-angle (1) bounday. Thus, boundarieswith smaller
accommalate a greater possible deviation. This criterion is almost univer-
sally usead for the categorisation of grain boundaries (Randle, 193). The
Brandon ratio, characterising the deviation from coincidence is the actual
misoriertation normalisedby ., for that value of . When assessg grain
bounday types, the for which the Brandon ratio is smdlest is chosen.
Boundaries which do not ful | the criterion for any CSL are designded as
random.

The 60 < 111 >, 3 boundary type is of particular interest. If the
bounday planeis either f 111g or f 211g asreferredto the crystal lattice, this
is a twin boundary, in which all the sitesin the plane are caincidence sites.
Most other low- CSL boundaies also exhibit twinning on certain planes,
but it isthe 60 < 111 > orientation which is most conmonly referredto as
a ‘twin' orientation in the literature (Randle, 1993).

7.2.2 Estimation of grain boundary energy

Grain boundarieshave an intrinsic energyover and above that of the crystal
lattice. As reported by Randle (1996), grain boundary enegiestend usu-
ally to correlae with the free volume at the boundary. The periodicity in
CSL arrangemerts reducesthe free volume compaed to random boundaries
and thus a lower energ is expected. Determination of the misoriertation
dependenceof boundary eneagies,by calculation or experimert, have mainly
been performedon high-symmetry boundariesin pure metals(e.g. Tsurekawa
et al., 1994; Nakashima and Takeudi, 2000). Generd boundariesin alloys
are likely to have much higher energy (Randle, 199). Extrinsic in uences
on grain bounday energyinclude predpit ates, lattice dislocations, vacancies
and impurity atoms, all of which tend to segre@te to boundaries because
of the increasead free volume. It is not, therefore, possibleto estimate grain
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bounday energesin the Z%CrlMo steelsin this study basedonly on misori-
enation measuremets.

7.3 Electron Backscatt er Diract ion

The dewelopment of SEM-basedelectran backscatter di ractio n (EBSD) tech-
niquesdates back to the 1970s (Venablesand Harland, 1973, Venables and
bin-Jaya, 1977) although badkscater patterns had, in fact, been obsened
earlier than this (Blackham et al., 1953).

When the SEM is con gured to give a focusel spot of electrans on one
point of the samplerather than a sanning beam, di ra ction occurs by the
elastic scattering of incident electronsin all directions. A plane wave hitting
an isolated atom causesthe emission of sphericalwaves of the samewave-
length. If the atom is in a crystal lattice, most of these sphericalwaveswill
interfere destructively, but at cetain anglesthey will be in phase. These
anges were shown by Bragg (1913) to be related to the interplanar spacing
d of the crystal lattice:

n = 2dsin g (7.7)

where n is an integer, is the wavelength of the radiation and g is the
Bragg angle corresponding to di ractio n from planesof spacingd.

7.3.1 Formation of Ki kuchi patt erns

Sincethe backscattered electrons are sattered in all directions, sane will

be at the corect Bragg angle g for diractio n from ead of the crystal

planesin the lattice. Dira ction occursin all directions, resulting in Kossel
conesof di ra cted radiation, whosehalf-apexande is 90 - g (Figure 7.2). In

eledron dira ction, for typical values of the electron wavelengh, the Bragg
angdes are around 0.5, giving cone apex anglesof nearly 180 ; the cones
thereforeappea almost at. Eadh set of crystal planesproducestwo cones,
which can be consideredasemanding from a saurce betweenparallel planes,
with one cone from the upper and one from the lower side of the source.
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Incident
electron beam Phosphor screen

Tilted sample
P Kossel

Lattice planes

_Kikuchi
lines

Figure 7.2: Geometry of electron badkscatter dira ction; after Randle and
Engler, 2000.

When the cones intersect a at plate sud as a phospha scree, they
appear aimost as pairs of parallel lines (Kikuchi lines). The Kikuchi pattern
is a gnamonic projection of relationships within the crystal (Figure 7.3). If
the crystal is ervisaged at the centre O of a sphee of radius r, and the
phospha screen is a tangert plane to the sphereat position N, a direction
in the crystal is projected as a pole P. Each pair of lines hasa characteristic
spacing corresponding to the sd of planesfrom which it originates. The
points of interse¢ion of Kikuchi bands represert major zone axes in the
crystal.

7.3.2 Indexi ng Kikuc hi patterns

Extraction of orientation information from Kikuchi patterns is possiblefor
an experiened user, but over the last decade, an automated systemhas been
deweloped and demonstiated to be asaccaurate as manual indexing and many
times faster (Adams et al., 1998; Wright, 1993). An algarithm known as the
Hough transformis usedto recoguisethe edgesof the Kikuchi bands (Wright,
1993). This consistsof applying to ead pixel the equaion:
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S

Figure 7.3: The Kikuchi di raction pattern as a gnomanic projection of
angdeswithin the crystal; after Randle and Engler, 2000.

i = Xk COS i + Yk Sin (7.8)

where (X, Yk) are the coordinates of a pixel in the original imageand ( i, i)
are the parametersof a straight line passingthrough (xg, yx). The sinusoidd
curvesgeneratedby collinear points intersectat a single point, whosevalues
of and characterisethe line, as descriked by Krieger Lassen(1996).

For correct indexing, the crystal system,chemical composition, unit cell
dimensionsand atomic positions of the material must be supplied to the and-
ysis software. A background image is obtained from a large area while the
microscope is in sanning mode, stored, and subtracted from the badscat-
ter pattern obtained at every point to ensurethat the contrast invedigated
by the software comes only from the EBSD pattern. Before the systemis
used, the specimen-to-screendistanceand position of the pattern certre are
obtained by cdibration. An early calibration method is desribed by Ven-
ablesand bin-Jaya (1977) and several modern methods by Randle and Engler
(2000. When calibrat ed carrectly, an EBSD systemcan calculate grain mis-
orientations to an accuracyof 0:5 (Dingley and Randle, 1992).
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7.3.3 Di raction geometry in the SEM

Figure 7.4 shows the arrangemen of the hardware for automated electron
badscatter dira ction. The sampleis tilted through an ande of 70 to
the horizontal to reducethe path length of backscattered electrons and allow
more electronsto esca from the surface and be detected(Venablesand Har-
land, 1973). It liesin the eucertric plane, enabling it to remain in focuswhen
the stage is moved in the surface plane, and is mounted on a piezaelectric
stage capable of motionsof 0.1 m. Modern systemsusea forward-mourted
badscatter detedor (the phospha screenin Figure 7.4) and a camera to
record di ra ction patterns (Randle and Engler, 2000).

SEM L
FE'SEM Specimen Control Unit
Chamber
| Computer
£
§ Mn Camera EBSP Monitor
5%% Cameral | Control Unit
i | Image
‘ ‘ Fiber Optics Processor
Phosphor Screen
Specimen
Specimen Stage

Figure 7.4: Experimertal sdup for SEM-basedEBSD at Tohoku University.
Diagram by K. Kawahara; usedwith permission.

7.4 Automated Ori entat ion Imag ing
Micr oscopy

The dewlopmen of automated Kikuchi pattern indexing led to the new
technigue of Orientation Imaging Microscopy (OIM). Televisim-based sys-
tems for capturing backscatter patterns and computer systemsable both to
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cortrol the stage or electran beam position and to index patterns with min-
imal or no human intervertion were developed (Adams et al., 1993; Wright
et al.,, 1993). This allows the rapid acquisition of a large number of orienta-
tion data. Current systemsare able to solvwe a Kikuchi pattern in lessthan
one second using a standard PC (Randle and Engler, 2000).

The user typically programsin an array of positions from which orien-
tation data shauld be acquired by spedfying the spatial range and step size
of sampling points. A hexagnal or squae grid can be chosen but hexag-
ond tends to be prefered since eath hexagon has six nearest neighbours,
while in a squaregrid, four nearest and four next-nearestneighbours must
be considered (Randle and Engler, 2000. A single data point is obtained
asfollows: the stageis moved to a speci ed point, the cameracaptures the
Kikuchi pattern, and this is andysed and the Euler anges stage position
and image quality (x 7.4.2) are recorded (Wright, 199B).

7.4.1 Representation of data

Orien tati on mapping

Automated OIM allows maps of the spaial dependene of oriertation data
to be plotted and related directly to microstructural features. Colour can
be usal to represert particular orientations or texture componerts (Wright,
1993). OIM obsenations have demonstrated that variations in orientation
can occur within a single grain, making the de nition of concepts such as
grain sizelessde nite than was previously believed (Adams et al., 1993). In
addition, boundarieswereapparent which could not be seenon a conventional
SEM image of the samearea.

At grain boundaries, the Kiku chi patterns from neighbouring grains may
overlap, producing a complex pattern which cannot be sdved correctly by
the indexing system (Adams et al., 1993. Various ‘dean-up' algorithms
are available in the computer software to assignorientation valuesto such
indeterminate points. The criteria usedfor this operation by the algorithms
are descibedin detall in the sdftware documertation, supplied by Tex-SEM
Ltd. The clean-up proces doesalter the data set and should not be used
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carelesslysinceit may introduce spuriousfeatures.

Grain boundary properti es

Using the orientation data from neighbouring points, it is possible to deter-
mine the positions and misorientation anglesof grain boundaries (Wright,
1993). Currently available software can identify coincidenceboundaies and
produce a colaur-coded map accading to .  Adams et al. (1993 noted
that someof the boundaries identi ed appeared to terminate in grain inte-
riors. Sincethis is topographically impossible,it was attributed to dier-
ences in orientation along the boundarieswhich, in somepositions, causethe
measuredmisarientation to fall below the arbitrarily designaed minimum
misoriertation required to identify a grain boundary. OIM analysis is only
two-dimensianal and doesnot give information on the grain boundary plane
orientation, but serial se¢ioning techniques have been deweloped to study
this (Wall et al., 20Q1).

Stati sti cal appr oaches

The large numbers of data acquired using OIM allow statistical analyses
of, for example, the distribution of misoriertation angles between pairs
of sampling points (Wright, 1993). This can be compared with theoreti-
cal predictions assuminga random distribution or a particular orientation
relationship.

7.4.2 Image Quality

The image quality (IQ) of Kikuchi patterns, as represered by the shap-
nessof the lines, hasbeen quanti ed and related to the level of deformaion
presen in specimens(Queded et al., 198; Wilkinson and Dingley, 1991).
The quarti catio n method in current use was proposedby Krieger Lassen
et al. (1994 and gives|Q valuesbetween 0 and 1, where O represens the
worst image quality (no de nitio n at all) and 1 the best. Sincethe dewel-
opmert of automated OIM, image quality measuremets can be obtained at
every sampling point and displayed asa map. Minimum-quality points were
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found to coincidewith grain boundaries (Adams et al., 193, Wright, 1993
but could also be presen in certain areaswithin grain interiors. This was
attributed to high dislocation density. Image qualities were higher in certain
grainsthan in others.

As well asthe deformaion state, IQ dependson the accéderating voltage,
beam current, the state of the vacuum, the lament quality and alignmernt,
andthe specimenpreparaion (Randle and Engler, 200). It may alsodepend
on orientation but this has not yet beeninvestigated fully. 1Q measurements
are not, therefore, fully quartitativ e, but semi-quantit ative compaisons can
be madewithin a single scan,enabling heavily deformed regions to be iden-
ti ed.

7.5 OIM observations of martensit ic steels

7.5.1 Crystallographic relationships

A martensitic padet identi e d by optical microscopy or convertional SEM as
aregion of parallel lathsis desgnated a ‘'morphdogicd' packet. By cortrast,
a crystdlographic' packet is aregion of uniform orientation asdeterminedby
EBSD. Gourgueset al. (2000 studiedtherelationship between the two packet
typesin a low-alloy steel. Crystallographic padets were found to be much
smallerthan morphdogical padckets, and to correspond to the "blocks' in Fig-
ure 2.4. Betweenneighbouring blocks of the same morphological padet, the
misoriertation ande-axis pairs were mostly 60 < 111 > but occasimally 55
< 110 >. This suggests that the blocks within a padet have a closepacked
plane parallel to the sameprior austenite prior austenitef 111g planeand are
mostly twin related. The misarientation angle distribution had a peak for
= 60 . This was compared with theoreticd distributio ns for Kurdjumov-
Sadis and NishiyamaWassermanrelationships, and it was concludedthat
Kurdjumov-Sachs corresponded more closelyto the real data.
PreviousTEM work had showvn that ead individ al martenstic lath could
nucleatewith one of the six possiblecrystallographic variants from the same
austenite < 111 > (Chilton et al., 1970; Sarikaya et al., 198). Hower,
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Gourgueset al. instead found that martenste formed blocks of many laths
with the same orientation.

Low-angleboundarieswerefound within crystallographic padkets (blocks).
The internal structure of a padket consistsof sewerd slightly misorierted
groupsof laths. The misoriertations are presert becauseof the high disloca-
tion densty asscciated with the shearstrain of transformation from austenite
to martensite.

In a 9 wt. % Cr steel subjected to a short tempering treatment after
guending, crystallographic packet sizesincreasedslightly with increasing
prior austenite grain size (Barcelo et al., 2002). The pole gures of the
< 200 > axis from single prior austenite grains did not correspnd directly
to ether the Kurdjumov-Sads or the Nishiyama-Wasserman relationship al-
though it shoved same similarities to both. In small prior austenite grains
( 15 m), only a subse of the possble variants predicted by either relation-
ship were obseved, but larger grains (> 40 m) cortained all the possible
variants.

7.5.2 Creep-deformed martensi ti c steels

In martensitic 9CrlMo, 9Cr3Co and 9Cr3W3Co (wt. %) steels the mi-
crostructure was very inhomogeneaus, with sane blocks extendingto 10 m
and others as smallas 1 m (Nakashimaet al., 2000, 2001, Yoshida et al.,
2002). Areas of indeterminate orientation werepresen, but thesewereelimi-
nated by creg defamation. They wereattributed to high dislocation densty,
which is reducedby dynamic recovery during creep.

The misarientation ange distributio n for boundaries with common axis
< 110> wasdetermined. In the 9Cr1lMo steel, peaks were found at low an-
glesand in the regionsaround 60 and 80 . This agreedreasonably well with
the valuesof 10, 505 and 70.5 predicted from the Kurdjumov-Sads rela-
tionship. Peaksat similar positionswerefound in the 9Cr3Coand 9Cr3wW3Co
steels Creepdeformation of the 9Cr1Mo sted decreasedhe number of grain
boundaries with a speci ¢ orientation relationship and increasedthe number
of random boundaries.
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7.6 EXxp erimental technique

7.6.1 Sampl e Preparati on

An AQ sample and samplestempered at 600 C for 4, 16, 64, 128 and
256 hours were selectedfor obsavation. They were preparedas described in
X 6.1, but instead of the nal polishing stage descibed there, they were pol-
ishedto 6 musing diamondpaste,andto0.1 m using alumina slurry. They
werethen eledropolishedusinga mixture of 164 cm? aceticacid, 18 cm?® per-
chloric acid and 18 cm® methanol which was cooled in iced water and stirred
during polishing. The polishing conditions were 20{30 V for 3{5 minutes,
with adjustmerts made depending on the appearances of the surfaces.

7.6.2 Orientation Imaging M icroscopy

A Hitachi S4200Field EmissionGun ScanningElectron Microscope (FEG-
SEM), belonging to the Materials Designand Interface EngineeringLabora-
tory at Tohoku University, was usel for the observations. The OIM system
is shavn sthematicdly in Figure 7.4.

The accderating voltage was 30 kV, the beam current 50 pA, and the
beam penetraion depth sewerd tens of nanometres. A large spot size was
usedto maximise the badkscattered signd. Operation of the OIM system
was cortrolled using purposedesignedsdtware by Tex-SEM Ltd. The step
sizewassetto 0.1 m, andthe magni c ation to 6000 , to allow investigation
on the lath scale.

Before acquisition of ead data set, EBSD patterns were obtained from
points on the samplesurfaceto check the imagequality. If this wasadequat,
al4dx 15 m areaon the surfacewasseleted and imagedusing corvertional
SEM. After changing to badkscatter mode, the scanwas begun and left to
run automatically. A completescantook betweentwo and thr ee hours using
this system.

Three scanswere obtained from ead of the steel samplesat di erent
positions on the surface. However, since the working distance between the
pole piece and surface should be kept at approximately 15 mm for EBSD,
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this only gave a limited range of regions for sampling

7.7 Results

OIM mapsand micrographsare presened in Figure 7.7{Figure 7.24 On each
page, the top two diagrams are colour-coded maps of the orientation of the
samplenormal axis with respectto the crystal axes of the lattice. The colour
key is givenin Figure 7.5. The mapsdo not give comprehensie information,
sincethere is a degree of freedom in rotation perpendiaular to this direction,
but it is possibleto identify both gradual and abrupt orientation changesby
their di erencesin colaur.

The top left-hand diagram cortains the raw orientation data, including
indeterminate points, and the right-hand diagram is the result of a "clean-
up' algarithm, Grain Dilation. This takesan indeterminate point bordered
by points belongng to grains, and assignsan orientation to it basedon the
orientations of its neighbours. (Full details of its operaion are given in
the software documentation.) The algorithm is iterative and operates until
all points have been assgnedto grains. The useris prompted to supply the
minimum number of points which must bein a cluster if it is to be consideed
a grain; in this study, this wassd at 4.

Beneah the raw data map is a grey-scalemap of image quality. The
lighter the colour, the higher the 1Q. To the right of this is a grain boundary
map calculated from the cleaned orientation data. Thesewere usedin pref-
erenceto the raw data becausemost of the indeterminate points occurred at
grain boundaries, obscuringthe true orientation relationships between the
grains. Figure 7.6 is the colour key for this map: red represens a low-ange
bounday (2 < 15), light greenis 3 , black is random, and other colaurs
are used to represem boundaies with dierent  values as determined by
the Brandon criterion. Misorientations of < 2 betweenadjacert points are
not consideredto be grain boundaries.

The lowest image is a convertional SEM micrograph of the same area.
The electrgpolishing removes much of the surfacerelief, so same of these
imagesare of poor quality.
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oo 101

Inverse Pole Figure [001]

Figure 7.5: Colour-coded pole gur e key for orientation maps. Colour cor-
responds to orientation of [100] spedmen axis with regect to crystal axes
[001], [111] and [101].
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Figure 7.6. Key to grain boundary maps.
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Figure 7.7: Z%CrlMo steel, as-quenched
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Figure 7.8 2;CrlMo steel,as-quenched
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Figure 7.11: 2;Cr1Mo steel,600 C, 4 hours tempering
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Figure 7.12: 2;Cr1Mo steel,600 C, 4 hours tempering
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Figure 7.13: Z%CrlMo steel, 600 C, 16 hours tempering
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Figure 7.14: 22Cr1Mo steel, 600 C, 16 hours tempering
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Figure 7.15: Z%CrlMo steel,600 C, 16 hours tempering
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Figure 7.16: Z%CrlMo steel,600 C, 64 hours tempering
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Figure 7.17: 22Cr1Mo steel, 600 C, 64 hours tempering
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Figure 7.18: Z%CrlMo steel,600 C, 64 hours tempering
{18



Chapter 7 Orientation Imaging Microscoy

Figure 7.19: 2;Cr1Mo steel, 600 C, 128 hours tempering
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Figure 7.20: Z%CrlMo steel, 600 C, 128 hours tempering
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Figure 7.21: 2;Cr1Mo steel, 600 C, 128 hours tempering
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Figure 7.22: Z%CrlMo steel,600 C, 256 hours tempering
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Figure 7.23: Z%CrlMo steel,600 C, 256 hours tempering
{ 18
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Figure 7.24: Z%CrlMo steel,600 C, 256 hours tempering
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7.7.1 As-quenched data
Figure 7.7

The raw-data orientation map cortainslargeregons of indeterminate points,
which coincidewith the areasof lowest image quality. On the cleanedmap,
there are many smdl regionswhich have been constructed by the cleaning
algorithm from the available data, but it is not clear which, if any, of these
correspond to true grain structures On Figure 7.25, the regons considered
by the sdtware asgrains are cdoured, and the indeterminate areas arewhit e.
The cleaning algarithm was intended to ded with only small numbers of
indeterminate points and cannot be expectedto make corred estimatesover
sud large areas of uncertainty.

The grain boundary map for this sample may not be reliable because of
the large areas of poor 1Q. There are many apparert low-ande boundaries
which correspnd to the small “grains' in the cleaned image and may be spu-
rious. Howewer, the random boundarieson the map correspond reasonably
well in shape and position to features on the SEM image.

Figure 7.8

An even greater proportion of indeterminate points is preser in this image
than in Figure 7.7, sothe cleanedmap and grain boundary map are rather
untrustworthy. The extent of the indeterminate areasis visible in Figure 7.25,
thesecorrespond well to the dark areason thelQ map. It isdicult torelate
any of the OIM mapsto the SEM image.

Figure 7.9

Despite being obtained from the samesample as the imagesin Figure 7.7
and Figure 7.8, this image has little in comma with them. The indetermi-
nate point proportion is much lower, and much of the image consids of a
single orientation. Long, parallel, vertical feaures are visible in the central
region of the 1Q map. Alt houghthe SEM image of this region is extremely
poor, similar featurescan just be discemed. Their shgoe and size sugged
that they are individual laths or groups of very few laths, bounded by dis-
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As-quenched; Figure 7.7 As-quenched; Figure 7.8

600 C, 256 hour tempered; Fig-
ure 7.23

Figure 7.25: Maps with regionsidenti ed as unique grains marked in colour,
and indeterminate regonsin white.

As-quenched; Figure 7.9
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located regions. Ther misorientation angle is very small; since the grain
boundary map shows discortinuous low-angle boundaries in this region, it
must be around 2 . In other parts of the image, there are gradua orienta-
tion variations without any cleary visible lath boundaies. The red region
towards the right-hand side is partly bounded by a 3 boundary and may
be a twin-related variant of the light-blue orientation.

7.7.2 Indet ermi nate points

The presence of indeterminate points may be dueto retained austenite or to
martendtetetragondity. The data supplied to the software assumeda body-
certred structure, soif other crystal structures were preset, their Kikuchi
lineswould be incorrectly indexed. T his would giverise to problemsin orien-
tation determination where these phaseswere prevalert. OIM software can
index multiphase microstructuresif the correctlatt ice constants are provided
for each, so it is possibleto repeat the experimerts on thesesamplesto check
for other phases. Howeer, anather possble origin of the indexing problem
is low Kikuchi pattern imagequadlity. This reailts from high strain and does
not depend on the assumedcrystal structure. Sinceregions of low 1Q con-
sistertly coincidewith indeterminate point regons, it is suggested that high
strain, rather than incorrect crystal structure data, is the main cause.

7.7.3 600 C, 4 hours temp ering
Figure 7.10

Many indeterminate points are still present after four hoursof tempering, but
they are more evenly distributed. Laths or groups of laths can be identi ed
by their edgeson the image quality map and by small changesat their edges
on the orientation map. The grain boundary map cortains many, probably
spurious, discontinuous boundaries but also sane more clearly de ned low-
ange boundarieswith equivalerts on the other maps.

{1924



Chapter 7 Orientation Imaging Microscoy

Figure 7.11

A triple junction of prior austenite grains is visible in the certre of the SEM
image. (It appears that the position of the sdected region shifted dlightly
betweenimage and OIM data acquisition so that the junction is not quite
certral in the OIM maps.) The orientation map cortains a conbination of
wide, homogeneousregions and narrower features with abrupt orientation
changes Someof these may be variants occurring within the same mor-
phologicd packet. The fraction of indeterminate points is lower than in
Figure 7.10, and they are mainly concertr ated in boundary regons.

Figure 7.12

This image sharesmany of the feaures of Figure 7.11, with a mixtur e of
grain and packet sizes. The mottled blue and purple regon appears to be
a single grain with two, almaost equdly favourable, solutions to the Kikuchi
pattern.

7.7.4 600 C, 16 hours tempering
Figure 7.13

After 16 hours, a much more distinct grain structure is visible, with obvi-
ous correspndenceto the SEM micrograph. The indeterminate points are
mainly con ned to grain boundaries. A clearrandom prior austenite bound-
ary runs from top to bottom. The purple region cortains many subregions
slightly misorierted from one another, and red padkets, someof which are
boundedby 3 boundaries.

Figure 7.14

This image hassimilar featuresto Figure 7.13, but it appears that the micro-
scope was shaken toward the end of image acquisition sincethere is a jolt in
the micrograph. This canbe causedoy medanicd vibrations or spontaneous
beamjumping (Kawahara, persond communication). The e ect is not easily
visible in the orientation maps but producesa spurious "low-angle boundary'
in the boundary map.

{ 18{



Chapter 7 Orientation Imaging Microscoy

Figure 7.15

The purple area at the bottom of the image is composedalmost ertirely
of dightly misorierted subregioms, whoseboundaries coregpond to low-1Q
features. The bright-coloured band on the 1Q map is an artefact of the
measuringprocess. In this type of FEG-SEM, the beamintensity tends to
decreasewith time, espedally just after starting up the microscoge. This
sometimesrequires adjustmerts of the settings during data acquisition so
that the beamintensity is su cie nt to obtain badkscater data. This adjust-
mert changesthe image quality, giving a bright band (Kawahara, persona
communication).

7.7.5 600 C, 64 hours tempering
Figure 7.16 and Figure 7.17

Theseimageshave inhomogeneouslistributions of image quality and grain or
padket sizes The grain bounday maps comrespond well to the SEM and 1Q
images particularly in Figure 7.17, which is alsonotablefor a large number of
3 boundaies. By compaison with the SEM image, it appears that some of
theseare boundaries betweenvariants within the samemorphdogical padet.

Figure 7.18

The greenand orangeareas separded by 3 boundariesin the certre of this
image also appea to be variants within a morphological padket. Parallel-
sided, dightly misorierted featuresare presen within the greenarea; these
appearto be groupsof laths similar to thosein the certre of Figure 7.9, but
with a reducel dislocation density.

7.7.6 600 C, 128 hours temp ering
Figure 7.19

Particularly noticeable in this image are grains or packets with gradud
changesof orientation. Over a singlegrain, the cdour canchange from green
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to white over a distanceof 3 m without any low-angle boundaries. In the
IQ map, thesegrains are of lighter colour and appear relatively strain-free

Figure 7.20 and Figure 7.21

From the 1Q maps of both of theseimages,it is clear that seriaus shaking
has ocaurred. Someimpressionof the orientations and grain structures can
be inferred from thesemaps, but they are not suitable for detailed study.

7.7.7 600 C, 256 hours temp ering
Figure 7.22

This interestingregionconsig s of oneorientation, in purple, with smdl yellow
‘islands'of a di erent orientation embeddedwithin it. Many of the islandsare
boundedby 3 (green)or 1 1 (turquoise)boundaries. The imageforms part
of a single morphological padket, as showvn by the parallel lines on the SEM
image, but appearsdi erent from the “block' model discussedby Gourgues
et al. (2000.

A spurious “low-angle boundary' arising from beam jumping, is presen
about a third of the way down the image.

Figure 7.23

This raw image contains especially few indeterminate points, and changes
very litt le on cleaning. The 1Q map has many light-coloured regons, and
the dark regions are narrow and coincide with grain boundaries. The prior
austenitegrains meetingin the certre cortain slightly misorierted regionsand
small, included regionswith 3 boundaries in a similar way to the region in
Figure 7.22 The orange and blue regions nea the top appear, from the SEM
image, to be blocks within the samepadket.

The smdl light blue triangle in the certre is bounded on all sides by
random boundaries, with no clear relationship to any of the surrounding
regions, but its striped structure suggeststhat it is a prior austenite grain
with a former martensite lath substructure, rather than a recrystdlisation
nucleus.
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Figure 7.24

The grains and padkets in this image are on a smaller scak than those of
Figure 7.22 and Figure 7.23. Clear, parallel-sidedformer groups of laths are
evidert, asare 3 and 11 boundaies.

7.7.8 Summary

The as-quenbed data can have very low image quality and a large number
of indeterminate points. This is thought to arise from the high levels of
strain present after quending. Tempering improves the IQ and increases
the number of points whaose Kikuchi patterns can be solved. It is therefare
not ertirely clearwhether tempering changesthe orientations signi cantly or
simply helps to reveal the existing microstructure by relaxing the strain.

A typical crystallographic packet in the temperedstructure cortains many
slightly misorierted subunits arising from groups of martenstic laths. Smdl
regions of crystallographically related variants may be embeddedin the main
variant. Theseoften have 3 or 1 1 boundaries. Wide variationsin crystal-
lographic padket sizesare possible, from lessthan a micron to the majority
of the micrograph area.

No evidenceof reaystallised structure can be see; instead, even after
256 hours of tempering, the martendtic lath orientation relationships are
presened.

7.8 Statistical analy sis

7.8.1 Grain boundar y misorientati ons

The misarientation angdesbetweenadjacen pointswerecalculated, and their
distributio n plotted, for both raw and cleaneddata. Figure 7.26, Figure 7.27
and Figure 7.28 demonstiate that there is a wide variation of misoriertations
in the raw data. The cleaneddata for the AQ samplehave a variety of peaks,
at low andes 30, 45 and 50{60 . After intermediate tempering, there is
more consistencybetween data sets, and well-dened peaksare presen at
low angles,30 and 50{60 (Figure 7.27). Prolonged tempering suppresse
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the 30 peak (Figure 7.28). In the raw data, the indeterminate points con-
tribut e to the statistics of misoriertations, and it is only by removing them
that red relationships can be reveded. Howewer, as discussedabove, the
cleaningalgorithm is not infallible, especially when there are many indeter-
minate points, sothe data from longer tempering times are probably more
trustworthy than those from the AQ and 4 hour samples.

These obsenations agree well with those of Gourgueset al., who also
detecteda peakat 60 .

7.8.2 Coincidence boundaries

Figure 7.29 shaws the variation in the fraction of low-angle, 3 and random
boundaries, asobtained from the cleaneddata, with temperingtime. In all of
thesespecimens, thefraction of boundaries of any other typethan thesethree
is extremely small. Only oneset of data wasincluded for 128 hours because
of the image shaking problem a ecting the other sets. A decrea&e in the
low-ande boundary fraction and an increasein 3 and random boundaries
occurs during tempering. This may be a real phenanenon, or simply the
result of the disappearance of spurious low-angle boundaries arising from
indeterminate points and cleaning

Low-angle and random boundaries are the predominant types, with a
signi cant minority of 3. It can be seen by inspedion of grain boundary
maps that prior austenite boundaries are always random, and the internal
structure of prior austenitegrains cortains many low-angle boundaries, some
3 and somerandom boundaries.

7.8.3 Statistics of indeterminat e points

The number of indeterminate points in each image was quarti e d by gener-
ating an image similar to thosein Figure 7.25 and converting it to a black-
and-white image as showvn in Figure 7.30. An image analysis program, “Im-
ageTool', was then useal to determine the fraction of the image occupiedby
black points.

Figure 7.31 shows the relationship betweenthe indeterminate point frac-

{197



Chapter 7 Orientation Imaging Microscoy

0.45 . . .

' As-quehched e

0.4
0.35 i
0.3

0.25

Fraction
o
N

o
=
T

0 10 20 30 40 50 60 70
Misorientation angle / degrees

Raw data

0.45 - . .

' As—quehched ——
0.4

0.35 r
0.3

0.25 r

Fraction
o
N

o
[EEN
T

0 10 20 30 40 50 60 70
Misorientation angle / degrees

Cleaneddata

Figure 7.26: Misorientation angle distributions for AQ data.

{ 198{



Chapter 7 Orientation Imaging Microscoy

0.45 T T T T T T

600°C, 16h ——
600°C, 64h —e—

0.35 r ]

0.4

0.3
0.25 r .
0.2

Fraction

0.15 | , :

0.1

0.05 | /%

0 MT%

0 10 20 30 40 50 60 70
Misorientation angle / degrees

Raw data

0.45 T T T T T T

600°C, 16h ——
600°C, 64h —e—

0.35 r ]

0.4

o
w
T
1

Fraction

o
(N
T
1

©
=
T

0 10 20 30 40 50
Misorientation angle / degrees

Cleaneddata

Figure 7.27: Misorientation angle distributions for intermediate tempering
times (4{64 hours).
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Figure 7.29 Variation in the fraction of low-angle, 3 and random bound-
aries.

tion and tempering time. The two 128 hour imagessubject to shaking were
again excluded. Large variations are seen in this fraction in the AQ and
4 hour samgdes, but at longer tempering times, a steady deaeaseis seen.

7.8.4 Image quality statistics

“ImageTool' was usedto count the pixels of eat grey level present in the
IQ micrographs. Black is represeted by zerg and white by 256. In the
AQ samples,wide variations in grey level distributio ns are sea; dark levels
predominate in two of the samples, but in the other, the levels are more
ewvenly spread(Figure 7.32). A higher proportion of lighter greysis sea for
intermediate tempering, and after prolonged tempering, there is a noticeable
reduction in the proportion of dark levels (Figure 7.33). Grey level data
are not fully quantitativ e, and variati ons can occur during data acquisition
(Figure 7.15), but an indication of the strain reduction canbe seen. The grey
level data setsfrom di e rent points on the 256 hour sampleare very similar,
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As-quenched 600 C, 64 hours tempering

600 C, 256 hours tempering

Figure 7.3Q Evolution of the number of indeterminate points (in black) with
tempering time.
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Figure 7.31: Variation in the fraction of indeterminate points.

soit appears that the strain level not only decrease$ut alsobecomesmore
homageneousafter prolongedtempering.

7.9 Orientation relationships

Two of the images, Figure 7.9 and Figure 7.22, come from regions within
single prior austenite grains. The data sets for theseimageswere seleted
for closeranalysis. In addition to the individual point-by-point data, the
software can calculate average orientation values for ead region which it
identi es as a grain. These data were usedto study orientation relation-
ships. (T he alternative method, using adjacert points at grain boundaiesto
calculate misorientations, is subject to the problem of indeterminate points,
aswas seenabove.)
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Figure 7.32: Grey levelsin AQ and intermediate tempering samples.
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Figure 7.33: Grey levelsfor prolonged tempering.

7.9.1 256 hour sample

The Euler anglesof the grainsin the 256 hour sample, Figure 7.22, could eas-
ily be separded into six groupsof similar values. Only one of the 160distinct
grainsidenti ed fell outside any of these groups. Table 7.1 lists the number-
average Euler angles and the total area occupied by ead of the groups.
Orientati on | occupiesby far the greatest areg this is the large purple area
in Figure 7.2. The areasof orientations |l and |1l are also signi cant, but
those of the remaining three groups are very smal.

The closest valuesfor the interrelationshipsbetween these orientations
werecalculated using a program writt en by Dr K. Kawahara, Tohoku Univer-
sity. Theseare listed in Table 7.2 together with Brandon's ratio to quantify
the deviation from exact coincidence. Orientation | hasa nea- 3 relation-
ship with four of the other orientations. Il and Il had an angle-axispair of
46 <0.03, -0.86, -0.49> rather than 60 <111>. Same relationships closeto
46 <0.03, -0.86, -0.49> were also found between other pairs of orientation
componerts. (Theseare not shown in Table 7.2.)
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No. 1 2 | Area/ m?
I 334.5| 37.3 | 499 187.4
[l | 230.3| 233 | 101.2 7.4
111 | 100.8 | 20.6 | 250.9 4.6
IV | 1588.5| 364 | 218.6 1.0
V 472 | 382 | 301.7 0.3
VI | 2/9.5]| 382 | 625 0.02

Table 7.1: Orientation componerts found in 256 hour tempered sample.

Pair | Relationship | Brandon's ratio
[ ] 11 3 0.93

[ ] 1 3 0.80
IREil 15 0.97

[ ]IV 3 0.70
|V 3 0.8

I | VI Random 2.00 from 3

Table 7.2: Relationshipsbetweendi erent orientations in 256 hour tempered
sample.

7.9.2 AQ sample

The AQ data in Figure 7.9 cortained four main Euler angle sets (Table 7.3).
The relationships betweenthese show that | and |1 are very similar in ori-
enation, asare lll and IV (Table 7.4). It is clear from the area fractions
that | and Il constitute the large turquoisearea,and |11 and IV the red area
The relationships betweenthe two pairs are 3 , or closeto this. Grains with
other Euler anglevalueswerepresen in this data set, but thesehad very low
image quality values,and were thereforenot invegigated.

While it is not possibleto draw general conclusionsfrom data on sud
small areas,theseresults do agreewith the observations of Gourgueset al.
(2000 of the frequent occurrenceof near 3 relationships. A suggestion of
the possble arrangemens of structural components is givenin Figure 7.34.

{ 206 {



Chapter 7 Orientation Imaging Microscoy

No. 1 2 | Area/ m?
I 64.3 | 39.2 | 338.8 123.2

Il | 214.2| 485 | 114.4 10.6

I | 291.3| 5.3 | 698 7.9

IV [335.8]| 8.7 | 321 51

Table 7.3: Orientation componerts found in AQ sanple.

Pair Relationship Brandon's ratio
I [ 1 0.5%6

I |11l 3 0.75

I | IV | Random, near 3 1.21 from 3
(|1l 3 0.72
IV 3 0.90
I 1v 1 0.60

Table 7.4 Relationships betweendi erent orientations in as-quenbed sam-
ple.

7.10 Relationship to magneti c properties

In the Z%CrlMo samplesof Moorthy et al. (1997, 1998, 20), recrystalli-
sation beganto occur after prolonged tempering at 650 C. In this study,
however, there was no recrystdlisation. The clear lath structure in the AQ
sampledisappeared during tempering, but orierntation relationshipsbetween
microstructural componerts appearedto reman constant. The most obvious
change wasthe reduction in strain evidert from theincreasein image quality.

The e ectof sud a structure on magnetic properties dependson whether
doman walls interact more strongly with strain, or with the magnetostatic
energyarising from misorientations at grain boundaries.

If strain is more important, doman walls in the AQ samplewill undergo
a large number of pinning and unpinning everts, with a short mean free
path. Wit hin a single variant, if the domain walls are oriented parallel to
the lath lengths, the mean free path will be of the order of the lath width.
After tempering, the interlath strain energy decreasesnd the laths coalesce
into a cortinuum with slight orientation variations. T his would allow easier
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variants

Prior austenite grain boundary

Figure 7.34: Possiblelevels of structure in 2.25CrlMo wt. % martenste, as
deduceal from OIM obsenation.

passag for domain walls; the main obstacles to their motion would be block,
padket and prior austenite grain boundaries. Howewer, tempering alsocauses
the precipitation of carbides, which pin doman walls. In these samples,the
strain reduction appeas to be gradual rather than sudden,sothe changesin
BN peak shape and position may be rather smaller than those observed by
Moorthy et al.

If, instead, misonentations are more important in doman wall pinning,
there would be very litt le di erencebetweenthe behaviour of domain walls
in the AQ and temperedsamples apart, perhaps,from the eect of carbides.

7.11 Conclusions

OIM obsevations of as-quented and tempered Z%CrlMo have beenmade.
The most pronouncede ects of tempering were a reduction in the lattice
strain, and an increase in the number of points from which a di raction
pattern canbe indexed with con de nceby the software. This was attribut ed
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to a deaeasein strain dueto a reduction in dislocation density at grain and
lath boundaries.

Prior austenite grain boundaies were always random, and within the
prior austenite grains a combination of low-angle, 3 and random bound-
aries occurred. Individual crystallographic packets cortained many slightly
misorierted groupsof laths. Variants related by 3 werefound; in same cases
one variant was found in smdl regons embeddedin large areas of another
variant.

An egimation of the likely e ect of these temperedmirostructureson BN
has been made, and will be tested in Chapter 8.
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