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ABSTRACT

Two of thé mechanisms of accommodation of deformation at grain
boundaries in body-centered cubic material were studied using transmission
electron microscopy and diffraction. These are: the absorption of dislocations
in near-coincidence boundaries and the vaccdmmoda‘t‘ion of a change in GB plane
in a low angle boundary. The contribution of these mechanisms to the
continuation of plastic flow, the accommodation of an intergranular crack, and
deformation mechanisms at ‘high temperatures such as grain boundary sliding
and grain boundary migration is discussed.

The O-lattice geometrical description of interfaces was used to model
the structure of the grain boundaries. A pbro'gram was developed for the routine
calculation of grain boundary structure: and for comparison with experimental
observations.

Latltice dislocations are shown to dissociate in near-coincidence boun-

daries into dislocations with Burgers vectors character@stic of a lattice

associated with the coincidence site lattice:. These extrinsic dislocations react
wit;'h the equilibrium structure of the grain boundary thatv accommodates the
des)iat.ion from coinc'idevnce._v Finally, the ease with which the low angle
boundaries accommodate deforﬁa;ion mechanisms explains the relative
toughness of low angle -grain boundaries over grain boundaries - with large

misorientations.
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1. INTRODUCTION

As a result of annealing, a grain boundary (GB) may adopt a local equili-
brium structure such as a low angle misorientation or a special misorientation
which enables the boundary plane to be a plane in a coincidence site lattice
(CsL), that is, a lattice defined by the common sites of two interpenetrating
lattices (crystallographic concepts are hresented in detail in Chap. 2). These
near-coincidence boundaries contain regular arrays of GB  dislocations with
Burgers vectors characteristic of fractional lattice translations. For example,
the dislocation components of a GB descfibed'by a CSL with 1 every 11 lattice
positions in coincidence are b; = a/22[113], b, = alll[ﬁi],g3 = a/11[741].
Suéh dislocation networks can be predicted through a geometrical modei baéed
on the conservation of low energy configﬁrationsl:‘ the crystal lattice in the
case of a low angle b_oundary‘and the CSL in the case of a high angle near-
- coincidence boundary. The O-lattice geometrical model of GB structure (dis-
cussed in Chap. 2) deals independently with two GB parametéis: the experi-
mental rotation between grains and the grain bouhdary plane. Thus, for a"given
rotation,'the theory can predict the dislocation content for an arbitrary’ GB
plane. A systematic 'sefies of experiments on [001] and [110] tilt boundaries.

2,3 has shown that the low energy CSL

in face centered cubic bicrystals
misorientations and néar-coincidence misorientations possess the following
- special propertiés: GB energy miniﬁ'\a occur at -these special misorientations
(found in both theoretical Calculatior\s and experimental measurements), a
. decrease in the high angle GB diffusion coefficient, a decrease in GB sliding,
and a decrease in GB ‘migration activation energy.‘ Theseresdlts_ihdicate é
relationship between the material propertieé in the vicinity of the GB to the.

crystallography of the boundary; at present there is no experimental evidence

that the presence fo specialvGB's-govern a polycrystal’s'pboperties.



Nevertheless, it is important to study the nature and behavior of GB
dislocations in order to understand GB structure and the mechanical properties
of GB's. It has been long proposed that GB sliding may take place by a
dislocation mechanism,a and there is now some evidence that this can be ex-
plained by the glide and climb of GB dislocations.s’6 Similarly, the process of
. grain boundary migration can be explained by the movement of GB steps and GB
dislocations that transfer atoms from one grain to.the ot?her.7:’8v

GB's act as‘ obstacles to slip by enhancing the resistaﬁce .to plastic

deformation, at the same time weakening resistance to crack initiation and

propagation. When slip is concentrated into thin bands, large stress con-

centrations are created along the GB (Fig. 1). The crystal lattice dislocations

at the head of the slip band interact with the GB during the intermediate stage
of plastic deformation and during recrystallizatidn; they dissociate, forming a
non-eq.uilibrium configuratidn through dislocation reactions with the equilibrium
dislocation networkv..9 The local stress concentration can be relieved by the
“continuation of slip -or‘the. creation of an intergranular crack. The nature of the
stress concentration due to a blocked slip line will resemble a freely slipping
crack under a shear stress (opening mode II, Fig. 1). Theﬁ' from the nature of
the stress field, one can ‘simply derive a relationship for yielding and fracture to

11-12

grain siz'e,'10 i.e., the Hall-Petch relationship

1/2

_ - _ a2, -1/2 :
to-ti+kyd. -»ti+(4r) tpd (D)

(to is the applied shear stress; t.l is a lattice resistance stress; ky is a constant
related to the distance r to the nearest source in the unyielded grain and t‘p is
the proper stress needed to operate the source) and the equivalent relationship

13,14

derived by Stroh for the crack initiation event (Fig. 1)

o
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1/2_ =8+ (lu')l/2 5 d'l/2 (I1I)

sO = sl+kfd

In one view, whether a crack will be initiated at the GB or the unyielded grain

will flow plastically, depends on the inequalities15

s
2

t
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(I11)

> .
<

o k®

If a crack is nucleated, it can be blunted by the ehission of disloéations_from
the c¢rack tip. Rice and Thomson16 have considered dislocation emission from
an atomically sharp crack onto an inclined slip plane, and Weertmanl7
(following a ,Bilby-Cottrell-Swindenlatype of crack analysis) has considered the
creation of pairs of diélocations where dislocations of one sign move into the
lattice and pile-up of dislocations of the other sign occur at the crack tip. At
present there has not been an attempt to consider local atomic rearrangements
at a GB crack tip by the emission of GB dislocations with Burgers vectors of a
magnitude comparable to that indicated above. |

From an engineering point of view, the present understanding of the
- effect of grain boundary structure on mechanical properties is ‘.limited to Egs.
4y and (I). Whether considering grain boundaryi sliding’yand migration, the
continuation of plastic flow or the acéommodation of an intergranular crack,
the underlying basic phenomenon is the accommodation of deformation at grain
boundaries. This is, in turn; a problem determined by the ~crystallogfaphy of a
pérticular GB (e.g., grain misorientation, GB plane, slip planes-GB plane
intersections) and the operating stress state of the material. Any knowledge of
the accommodation mechanisms .will improvevonly with a large number of
“detailed studies in pure materials. - A program was then started with two goals

in mind: the 'development of a computer program based on O-lattice theory for

the routine calculation of GB structure to compare with experimental
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observations (Chap. 2), and ihe use of electron mircroscopy techniques for the
study of the crystallography and ifnaging of GB dislocation reactioné. In par-
ticular, the dissociation of crystal lattice dislocations in a neér-coincidence GB
an& the accommodation of a change in boundary plane in a low angle boundary

are discussed in Chap. 3.

2 ,THE_O—LATTICE THEORY OF GRAIN BOUNDARY STRUCTURE

'2.1. Basic Principles. There-is-extensive evidence that the dislocation -

content of an arbitrary grain boundary is described by a geometrical model
based on a physical fit concept that regions of ‘good geometrical matching
expand and -régions of poor 'geometrical matching contract to form periodic
dislocation networks. Conventional transmission electron microscopy has
provided a good part of the experimental evidence on grain boundary dislocation

19,20 ¢ itn?! and

stiuct’ure. For révieWs, see, for example, Balluffi et _al.,
Pt:md.22 Sass and Bri's.t.owe23 have reviewed diffraction studies (x-ray and
electron diffraction) of the atomic structure of. GB's, and Gmnsky24 h_és
‘reviewed f.-he microscopy.of GB's at t.hev atomic resolution level by field ion
microscopy and transmission electron microscopy.

Bollmann25 defines the center of regions of good fit, the O-points, as
coincidences of elements of related equivalence classes,v irrespective of the
values of the internal coordinatés of these classes. In the case of GB's, the O-
points correspond to coincidénce of internal coordinétes, and in the case of
more general interfaces, to-points'which are in -equivalent positions in the two -
' crystals. In order to express' this assumption more mathematically, we idealize

both crystals as interpenetrating translation lattices. The two lattices are

correlated point by point by a linear horhogeneous transformation A
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- The vect‘.ors'gg2 and _>_<_l are vectors in crystal lattices 1 and 2. A coincidence of

equivalent points occurs when

xl+b"' = 52 = _)50 (2)

where ,QL are the. vectors that define the points of crystal lattice 1. The basic
equation of the O-lattice theor'y26 is then

(1-A" 0 = bt | - (3)

(1is the identity matrix.)

The O-lattice theory is based on the principlé'of conservation of crystal -‘
structure. The O-latﬁce represents the locations of best match and the misfit
between the O-points is assumed to be concentrated onto planes betweén the O-
points.b The places of good registry will extend and thosé of béd match will .
Cohtract to disloca.tions'. The dislocation structure is then given by the Wigner-
Seitz (W-S) cells of the O-lattice. If a boundary is introduced with ‘given
orientation through the interpenetrating lattices 1 and 2, to realize a crystalline ,
interface the bouﬁdary will separate atoms ir‘u'the‘ positions' of crystal 1 on one
side-‘_an.d atoms in the positions of crystal 2 on the other side.  Wherever the
-grain boundary cuts a W-S cell wall, there is a dislocation with Burgers vector
' 'p_L. Because dislocation lines cannot end in crystals (except at disloﬁation sub-
boundaries), the -dislocatifm lines must form ‘continuous  polygonal
: cohfigurations.' .Equaiion (3) is then the basis of the geometrical theory of
| érystalliné interfaces;27 the vector >_(_0 crosses dislocations with Burgers vectors
adding up to QL ‘The remainder of this chapte.r will diécuss the mathematical

details of O-la_ttice calculations .of GB dislocation structure.



2.2. Grain Boundary Parameters

Any experimental study of grain boundary structure and properties
needs the knowledge of at least five parameters: three for determining the
relative orientation of the two crystal lattices (the axis u and angle of rotation

P ) and two parameters for determining the orientation of the boundary plane

(boundary. plane normal v). A proper orthogonal 3 x 3 rotation matrix A can be

interpreted in four»-ways:a2 8 The rotation matrix is experimentally-determined
as a rotation of an orthonormal triad, while in terms of the two interpenetrating
lattices required by the O-lattice theory, the rotation matrix corresponds to a
coordinate transformation with the point fixed in space and the axes carried
with the body. - | |

The éxpe’rimental determination is done in a transmission electron
- microscope because it bprovides-a way to determine a crystallc)gra.lphic' orien<
tation from a selected area diffraction (SAD) pattern and at the same time it

images the diffracting region.
directions 5_1, 52 is ob;ained with respect to the orthogona!l basis of_crystals 1
and 2 respectively. Once a vsec.ond paif_-@_lL/_@_z is 6btained, the third pair is
given by A, x B, //A, x B,. The system of nine ecjuations'with nine unknowns

j2 _ j1 : ’
Y7 %kt (4)

(i.e. tijz =-i th component of the. unit vector corresponding to pair j of beam .

directions in the coordinates of crystal 2) reduces to three systems of three -

" equations with three unknowns, i.e.
S | ' (5)

Any measurement of a further pair ﬁl’- §1 may not coincide with the value.

calculated with this rotation matrix because of error inherent in the- initial

23



measurements. ‘In order to estimate the rotation as precisely as possible, the ‘
rotation matrix is then determined from a number of diffraction pairév (e.g. 8 to
15). The proce_dure32 is similar to the classical method bf least squares for the
solution of linear simultaneous equations. It is common practice to refer toa
rotation iri terms of its Eulerianv parameters, the axis and angle of rotation. The
axis is the common direction that has the same indic.es in both crystals, and is

given-."by
u = (uv,w) = [(a32 - 323), (_a13 - a3l), (321-312)] (6a)

The rotation angle is given by
2cosP+1 = 3)) +8yp *+ 853 - (6b)

In a crystal system the basis may be chosen in more than one way
because of symmetry operations. In the cubic systems the 24 symmetry opera-
tions of the point -group.432 operate upon the original matrix A to give a new

‘matrix A
A% = R°A . : ()

The 24 symmetry elements and their corresponding matrix representation of the
point group 432 are listed in Appendix_ 1. When A is obtained experimentally, it
is not possible to predict whether the'correspondiﬁg.axis-anglevpéir will be the
. physically ‘approp'riate, description of the linear homogeneous_transforfnationa
~ The different possibilities may be taken into account subject to the control of
- the researcher. Of particular interest are the disorientation” angle and a twinb

description (rotation of 180° about a rational direction).



2.3. The O-lattice theory of low angle boundaries.

The basic equation of the O-lattice theory reduces to Frank's formula for
the resultant content of dislocations in an arbitrary .intercrystalline boundary.Ba

If we take the z axis as the axis of rotation of the boundary, then

—

[ cosP -sinp O

A = sin)* cosfi’ O (8)
0 0 1
and Eq. (3)
" b5 [ lecos®  -sinp 0 ] [ XUT
1l : 1l
bL = sin P 1-cos 0 xu‘ - )]
2 2
L 0
| b3 ] 0 0 0] |[x3)

When the angle of rotation @ is small, the dislocation network accommodates a
deviation. from a. one-to-one coincidence. The vector 50 corr_e‘sponds to the 0-

| points in coordinates of crystal 1 or 2. We can rewrite Eq. (9) as



L~ - - -
bl 0 "w 0 Xl
2| = |® o o 23 o
2 2 )
| b3 (o 0 o) [ x
or
b= Pxx (11)

which is Frank's formula for the sum of the Burgers vectors intersected by a
vector joinjng two points lying in the plane of the boundary with polar vector 9.

A small rotation around an axis of the: type <110> in a bee material is
consi~dei_~ed below as an example. This-corresponds to the experimentally de;
termined axis of a boundary: whose mechanical behavior will be analyzed in detiail
in Section 3.3. A rectangular orthogonal basis is» chosen with a = [101], 3, =
[OlO],_ and ay = [101]. The rotation of a layer of atomic positvions displaced by
93 from the lower layer which is defined as lattice 1 is descfibed. The resulting
atomic Moire model correspondihg td this situation of geometfical fit is shown in

Fig. 3.*" In this coordinate system the rotation matrix becomes

™. cos @ =sinf 0 L -
2
Ssind  cosp 0 (12)

>
o
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The O-points are defined by Eq..(3) as -

Q1 - cos ﬂ)xg . sinf xg + Oxg = bl'l‘ (13a)
V2

V2 sin B x[l] + (1 ~003.¢)xg + Oxg = b'i , (13b)

0 x+ Oxg  + Oxg = bk (13c)

In this case b3 =0 and xg can take any value. The O-lattice consists of O-lines
through (xg, xg). The implicatior‘i‘ is that when the grain boundary is inclined to
the axis of twist, then the dislocation network becomes distorted in a way such
that the projéction ‘in the pure twist plane remains the same. The solutions for

the O-points is given by invérting Eq. 13a and 13b.

0_1L 11 B L .

xl = fbl + 3 Jz_cot(g)b‘2 _(1aa)}
0 -7 L 1.L ,

Xy = =% ucot(%bl + b5 . ) | (14b)

For example, for the rotation of 4° shown in Fig. 3, the 0 points have coordinates

(3 -20.2) and (10.1, ) which correspond to b = (1,0) and b" = (0,1). These coordi-

nates correspond with those obtained in the atomic Moirévpattern in Fig. 3. The.

general dislocation content corresponding to the experimental rotation is given by

the W-S hexagonal tubular cell walls around these 0-points. At this point it is-

important to remark that the O-lattice formulation can accommodate two grain
boundary parameters independently; the experimental rotation gives the general
dislocation content for all possible boundaries while the intersection of the

boundary plane with the three-dimensional dislocation lattice yields the predicted

ox
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dislocation network. Another important point that can be observed in Fig. 3 is
that the O-lattice is a lattice of origins; that is, a rotation of crystal 1 b); the
transformation A about any O-point will recreate crystal 2 in an identical
orientation and position.

In Bollmann's dualistic representation of dislocation networks, dislocation /
lines and their Burgers vectors are considered in separate spaces.36 The real
crystal, termed the L-space, contains the ‘dislocatiooﬂ lines while the b-space
contains the Burgers vector configuration allowed by the network. We refer to
Bollmann}6 for a discussion of the dualistic representationé. Here we quote the

dualities between L -space and b#space for future reference:

D1) An L-node corresponds to a closed b-polygon (Frank's node rule).
D2) © A b-node corresponds to an L-field.
D3) A dislocation segment separates two L-fields. The_ Burgers‘ vec-
tor of that segment"coonects the two corresponding b-nodeé.
D4) If a dislocation segment flows in the counter-clockwise sense
around an L-field, then the corresponding Burgers vector flows
out of the corresponding b-node.
The. L-net and b-net of the boundary discussed in this section are predicted from
Fig. 3 and drawn in Fig. 4. . This boundary is special in the sense that its Burgers
vectors are coplanar and represent a boundary comprised of three kinds of dislocations
generated by glide.

A more general misorientation is accommodated by three sets of disloca-
| 37

" tions with line directions L I I3 and non-coplanar Burgers vectors l_)_l, p_z, g.),-.

From Frank's theory the line directions and spacings are given by}.8
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r = lux(, xb] xy.. ' (15a)
-1
. P, XX [(22 xgj)xE]
dl = 2sin (i-) t-)-l - 92 ” 23 cor o (15b)

A change in grain boundary plane with normal v is accommodated by a variation of
spacing di and direction r of the dislocation lines.

2.4. Coincident site orientations and the complete péttern_shiftlattice.

A special type of O-lattice is created by certain rotations when some.O-
points correspond to coincidences of lattice sites. The two crystal lattices related
by this rotation produce a three-dimensional sub-lattice* of common lattice sites.
This larger lattice is called the cbincidence site lattice (CSL). The fraction of
common points is written as 1/E. | The rotation matrix for the CSL orientation is

given by
a.. ' (16)

such that there is no integral factor common to the positive integer E and the

integers T
The misorientations for which CSL's occur can be obtained from a

generat.ing;,function“l or from number -theor'y.”’ao

41

The generating ‘function for a

rotation § about. [hkl] is
p=2tanlHN a7

2 CSL

where x and y are integers; N = (h2 + k™ + 12) and E = x2 + Nyz. Once one R

is determined, the 24 equivalent descriptions may be generated by the operation

CsL

of the 24 symmetry rotations of the point group 432 on R™"~. A complete list of
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the 24 axis-angle pairs for each cubic CSL orientation up to E = 43 and in
guaternion form for the disorientation up to E = 101 is given by Mykura.42

In the coincidence orientation a relative displacement of the two crystals
by the coordinate difference QDSC = _)52 - 51 + _b_L maintains the pattern of the
two interpenetrating lattices. This set of displacement symmetry conserving
vectors acts for a coincidence boundary just as a crystal lattice translation acts
for a low angle boundary E = 1. These displacements are characteristic of the-
misorientation that produces a CSL and they form a displacement-shift cdmplete
lattice (DSCL.). -

As a starting example, consider the twist of two primitive cubic iattices
| by 36.9% >[ 001] which produces a E =5 CSL (Fig. 5). To apply Eq. (3), the rotétion

matrix is multiplied by a unimodular transformation in order to obtain det (I - _A_-l).-tv.‘

£0

1 o0 0ol 1 o0 -] [& 3 o]
T=0-uR®YIHo 1 of-{o 1 1|x3|-3 4 of a®
o o 1] 11 o ol loo sl

50'= (I)_-l is.then the matrix having column vectors which are the unit vectors of

the O-lattice. A basis matrix C for the CSL can then be obtained from _>$°; the
: *%

CSL being a sublattice of the O-lattice, the volume of C isn  times larger than

the volume of 50. In this example .
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0
1]
]
N
[
o

(19)

The DSCL determined by the- two interpenetrating reciprocal lattices is reci-

procal to the coincidence site lattice of the direct lat:tir:e.“3 Mathematically,

D = (@™, e
where D is the matrix with the Q_DSC unit vectors of the DSCL as column vec-

tors. qu this case

1 2 0
1
D=5r2 1 0 (21)
lo 0 5.

In this simple case the QDSC

can also be determined graphically. In-a more
general rotation in non-primitive cubic lattices, great care must be taken in
formulating the matrix A so that it relates nearest neighbors. Consider, for

 example, the case of a E = 41 created by a rotation 55.9% [110]. Observations

on the GB structure and mechanical behavior of this boundary will be discussed
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in Sec. 3.2. If we formulate the rotation matrix as in Eq. (12), then the points
(%, %, 1) and (0,1,1).(F ig. 3) will bé related to their equivalent positions in lattice
2 only for small rotations. As the angle P increases, (%,%,1)2 lies close to
(D,O,l)l.and (0,1,-1)2 approaches (-%,%,l)l. For a large rotation, we have to .
redefine our coordinate system By a unimodular transformation in order to
rélate nearest neighbofs. | The calculations are performed in the crystal
coordinate system (i.e. thombohedral for bcc), the advantage being that the Q_'g

matrix consists then of integral coefficients. The transformation T'is then

T = (_!-A"l) = (1-U _S_»"lR‘1 S) o | - (22)

The calculation proceeds as before except that the CSL and DSCL have to be

centered after the calculations in crystal coordinates. For this rotation

5 1T Tl ol o
32 9 24' | 1 1 0 7 "3 o
R=H9 32 -24|u=l-1 0 o0|s-= i o] @
A = 1z 2
1 1
26 26 23] [0 o 1] |3 37 1]
and the calculations show that
— 5 - o 1 -
1 3 2 19 4 7
i} 3 5.1 1
cC=|1 -3 -3 D=4 |22 4 -3
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When E is large, the accurate graphical construction of the two crystals in the
coincidence misorientation becomes cumbersome and the analytical technique
(based on O-lattice) presented here is preferred. Past attempts to determine
DSCL basis vectors from a graphical approach have led to errors.aa

Since the distribution of coinciding lattice poihts is not isotropic, it is"
necessary to know. the density p of coincidence sites jwit‘.hin the boundary -
surface. Sections through high E boundaries. may ﬁave a higher density of
coinciding lattice sites than other sections. in much lower E. The procedures for
calculating p have been described by Acton and Bevisas-ifor‘ the simple cubic
‘ 40

case, by Tu“6 for fcb and, in general, for cubic crystalé by Grimmer et al..

2.5. O-lattice theory of near-coincidence boundaries

Just as a low angle boundary accommodates a deviation from one-to-
.one coincidence (E=1), a network of dislocations with DSC Burgers vectors can
accommodate a deviation from coincidence in order to preserve the coincidence
orientation. Frank's formula can be used to describe the dislocations necessary

to produce a deviation from coincidence. The analysis proceeds through an 02-.

47_’48 The experimental rotation matrix is the product of

the small deviation from coincidence 302

coincidence orientation BCSL

lattice construction.

and the rotation leading to the exact

02 CSL (24)

="

R

The basic O-lattice Eq. (3) is rewritten as

02 02 02,-1, 02 DsC
X X

T = [I-R™"7] b . (25)

The L-net and b-net are calculated as in the case of low angle bounda-

ries. The calculation of the dislocation structure of the boundary is a lengthy
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procedure. The application of Eqgs. 15a, 15b is a faster method of calculating
the predicted line .directions and spacings of the network components.
However, dislocation reactions and the comparison of observed and calculated

structures are easier to visualize in the 02-lattice calculated L-net and B-net.

2.6. Computational aspects

A program hés been developed to analyze experimental transmission
elecfron ‘microscopy observations of GB structure. The program CSLAT at its
present stage performs the following opreations:
| (a) It calculates an experimental rotation matrix corresponding to TEM

observations. The input requires diffraction patterns that are recorded

for at least two and preferably more orientations at known tilt stage
~ settings in each grain.

(b) It calculates the axis-angle pair by an iterative' eigenvalue-eigen-

vector subroutine of the EISPACK syste;m.“9 This method is more

accurate than using the fact that the rotation matrix is Qery close to
' orthogonal. The axis is the eigenvector that correSpﬁnds to the real
eigenvalue. | | |
(o) .It generates thé 24 equivalent descriptions of the experimental -
misorientation.
After comparing‘the observed‘axis-angle'pairs _with a table of axis-angle pairs

42 in the second run the program calculates the

| for each cubic CSL oriéntation,
following matrices for each of the 24 variants:

(d) The rotation BCSL leading to a coincidence orientation -

(e) The deviation matrix 502 | |

(f) The matrix C that gives the coordinates of the CSL unit cell and D

that gives the basis of the DSCL.
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3.1. Transmission Electron Microscopy of Grain Boundaries

3.1.1. Thin foil preparation. Body-centered cubic materials are of
interest in the study of grain boundary (GB) structure because of their techno-
logical importance and because of the paucity of observations of bcc GB
structure. Many of the early investigations on bcc GB structure were

50,51 and ircm52

performed using refractories like tungsten and fantalum, in the
field ion microscope, an instrument- which has very limited capabilities for the
study of GB dislocation structure. There are also some observations by
transmission electron microscopy (TEM) of GBs in tantalum, niobium and

>3 but in all these cases, the crystallography was not defined.

molybdenum

For this investigétion, molybdenum was chosen as a representative bcc
material that can be observed in TEM at high resolﬁtion. 99.99% pure Mo with
traces of C (10ppm), Cr (20ppm), Fe (10ppm) and Ni (10ppm) as measured by a
spectrographic examination was used. The material was cold rolled to 10 mils |
and annealed for Za'hrs. at 800%C in high’vacuum (l(l"8 torr) in order to avoid
oxygeh segregation to the GBs. Thin foils were electropolished in a double jet
unit using a 4% vol. sulphuric acid--methanol solution at -55°C. Later
experiments show that the addition of 80cc of glycerol in 500cc of mixture
‘slows the reaction so that the thin foils could be polisﬁéd at -35°C with larger
transparent areas.

As a result of cold rolling and the annealing treatment, a number of léw
angle boundaries - and néar-coincidence boundaries appear in the thin foils.
Figures 7 and 8 show typical low angle boundaries that are found throughout the
- specimen. Figure 7 is a typical low angle twist boundary with the dislocation

structure arranged in regular polygons. Its structure can again be compared

with the atomic Moire of two (111) planes rotated by a degree. Fig. 8
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represents. a low angle. bouhdary with the chair t:ype85 of structure. The -
average boundary plane is (111) although the dislocation segments “share
different planes.

3.1.2. The determination of crystallographic orientations. Crystal

- orientations can be measured with an accuracy of 0.1° by electron diffraction.
When an electron diffraction pattern contains reflections from only one zcin'e,
there is a 180° ambiguity in indexing the spots. The incorrect possibility can be
eliminated by tilting the foil and téking a second diffraction. pattern or if there
are spots from more than one zone present.5 4 The more accurate methods of
‘crystal orientation rely on electron diffraction patterns containi’ng‘_Kikuchi |
lihes.55 Analytical solutions can be obtained for both Kikuchi lines of more

57,58

than one z«:)ne56 and Kikuchi lines from one zone. A proceduré has been

develc:ped59 to determine the axis-angle pair of low angle boundaries by’
- manipulating diffraction conditions. By obtaining the same deviation parameter

for the Kikuchi lines of two identical reflections, the post-experimental analysis

. of Kikuchi patternséo, is avoided. During this investigation better accuracy was -

obtained by following the 'procedure' of Sec. 2.2 and the use of CSLAT for the -
post-experimental analysis. |

" In-addition it should be pointed out that the convergent beam electron
diffraction (CBED) and microdiffraction techniques offer a number of vpotential
advantages in the determination §f orientation relationships atGBs. A micro-
diffraction pattern using focused condenser apertures permits a diffraction
pattern from areas as small as 10nm. The. CBED technique wiil produce. in
‘addition a more prominentvihoiz pattern. This is very useful in the -stud.y of
~ “higher atomic nu'n'ibe'r elemerits where Kikuchi linés become less intense. Either

- technique would permit the orientation rélationship to be obtained with highv
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accuracy inn the immediate vicinity of the GB, especially since the holz pattern
does not contain the 180° ambiguity present in selected area spot patterns.
Clearly futufe work on grain boundary misorientations should involve CBED
analyses.

The experimentalist has to keep these methods in mind and utilize

whichever is appropriéte for the diffraction conditions in the foil.

3.1.3. Amplitude contrast for grain boundary dislocations ‘_(AGBDs).. It is
important to- clarify the- termin‘dlbgy concerning various types of GB linear
defects based on the characteristics of their elastic fields because their con-
trast in TEM will be affected by these displacemeni fields. _. We follow the

criteria of_ Varin60 and Hirth and Balluffi61

as shown schematically in Fig. 6.
By definition, a GB step lacks dislocation character (i.e., a displacement field),
but GB steps are usually associated with a GB dislocation. Intrinsic GBDs form
part of the equilibrium structure of a near-coincidence boundary (as described o
in Sec. 2.5). Extrinsic GBDs are those that result from the intéractidn of
matrix dislocations with the intrinsic structure producing long range strain
fi;:lds. Finally, a distinction is made between primary GBDs with Burgers
vectors equivalen£ to a lattice translation and secondary GBDs with Burgers
vectors of the DSCL.

The g.b criterion for lattice.defects is based on the physical idea that.
contrast is not affected by displacement fields that are parallel to the diffrac-
ting planes and the electron beam direction; that is, the diffracting planes
conserve their crystal spacing. This criterion has been applied for GBDs in
- conditions where one grain is in a good two beam condition. However, for a
GBD in a boundary‘ between anisotropic crystals, it is likely that all planes will |

be distorted and thus the g.b criterion cannot be applied. In addition, when only

one grain is strongly diffracting, the displacement field is within one extinction-.
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distance of the entrance or exit surface of the electrons and thus contrast

63,64 nave looked at changes in

occurs even when g.b = 0. Some investigations
GBD contrast with changes of-gedmétry (e.g., GBD at lower or top surface,
inclination of dislocation line, orientation of the Burgers vector with respect to
the boundary plane, etc.) by integrating the Howie-Whelan equat.ions.65
However, Humble and Forwoodé6 pointed out that the Howie-Whelan equations
.apply for GBDs only when both grains are strongly diffracting.

The resolution of the g . b technique is also limited due to the fact that
a two beam dislocation image is effectively invisible for small but non-zero
values of . la . b] . The minimum value X of |g . b| that produces a

22,29,71 Thus, for a

detectable":image of a GBD is usually taken as X = 0.1.
particular b, and g for which g . b; =.0, any other GBD b, will also be invisible
if gz lies within a cone with its axis parallel to -t-’-l and with semi-angle a given
by

Q@ = 90°- arc cos —3:1— . (1)

lalbl |
In general dislocations with b <. .ZR are likely to be invisible in amplitude
contrast. However, more conclusive determinations are possible if other
crystallographic information such as GBD interactions, lattice dislocation
dissociations, and dislocation line directions (predicted through an O-lattice
analysis), are considered. In the process of this investigation, it was fouhd that
the study of a near coincidence bbundary should be divided into two TEM.
sessions.. During the first session all crystallographic oﬁentation should be
’ obtained and analyzed to predict possible t-ilt;ings' at which simultaneous two
beam conditions are obtained and in a second session, contrast experiments are
performed in simultaneous two beam bright fields (such as Fig. 9) and weak

beam dark fields.
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3.1.4. The weak beam technique. A weak beam dark field (WBDF)

micrograph is obtained by a narrow sampling of the intensities diffracted by
planes that are oriented in the Bragg condition near the core of the defect.67’68
Since outside the core the perfect part of the foil is far from the Bragg condi-
tion, a small segment of the displacement field can give rise to a significant
intensity above background. Thus the WB f.echnique allows closely spaced
intrinsic dislocation arrays to be resolved by reducing the width of the disloca-
tion images. The increase' in the:deviation parameter-results in a reduced
exf.inction disf.ance and an increase in the number of thickness extinction con-
tours pfojected into an inclined boundary plane. This large number of narrower
thickness égntoursvprovides a gréticule that is used to study small changes in
boundary topography and represents an édded édvantége over the‘ convehtional
two-beam technique.

3.1.5. High resolution electron microscopy technigues (HREM). High

resolution EM techniques can provide a direct image of local atomic arrange-
ments écross the bﬁundary vicinity, The HREM image results from the inter-
~ ference of the beams that represent the Bloch waves at the exit surface of the
- crystal. Care must be taken .to reduce phése shifts due to lens aberr.étion's. The
’ simplést ‘case occurs when the transmitted beam and one diffracted beam ar e
recombined to give a lattice image of the set of planes g. If the optical .axis -
lies along a symmétry axis of the crystal and a number of beams are recom-
bined, under Qertain conditions of defocus and for certain Values of foil thick-
ness, a structural image is obtained that represe.nt's a projection into the image
plane of the atomic structufe of the boundary.

This technique is potentially very powerful in experiments with bicrys-
tals of controlled geometry; some of the more intereéting applications to inter-

24,86

faces are reviewed by Gronsky. For GB. research, HREM is limited to
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cases where the GB is pure tilt and can be viewed along the tilt axis, and the
defects have to be viewed exactly end-on. ThUs, with sz point to point resolu-
tion, <110> and <111> tilt boundaries can be studied. At a state of the art point
to point resolution of 1.43 ‘such as that planned for the Berkeley ARM, <110>
tilt boundaries could also be studied.v

3.2. The structure and absorption .of dislocations in a near E = 41 GB

A near-coincidénce boundary with a misorientation neér 55.9% [110]
was studied because the deéomposition products of matrix disiocations which
have interacted with the GB during thermo-mechanical processing were present.
- The O-lattice analysis (Sec. 2.4) of this boundary showé that the basis for the

 DSCL is ¥

= ﬁ_ TIT1
b = gz 1 TII]

= a_ a3
92 = n1 [443]

_'a_ a
by = 2r [19227]

The boundary (Fig. 9) has a tilt character and is accommodated by an array of .

edge dislocations with the dislocation line in the direction of the axis. This
dislocation set is out of contrast because a simultaneous two beam condition

was used. (If a one grain, two beam: condition is utilized, edge dislocations at

the boundary may be in contrast).69 Instead, a set of rotational Moiré fringes

appears because of the slight deviation - from coihcidence. The. set of
_disl-ocat:’ions.p‘l have magni_tuvde|_bl|, = .432«. aﬁd since i,t occurs inva finely spaced
array, it could not be detected using conventional imaging techniques. _ The
“small magnitude of the burgers vector of GBDs in near coincidence boundaries

maximizes the driving force for absorption of lattice dislocations.
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The basis pf the DSCL define the shortest possible Burgers vectors for
GBDs. Dislocations with Burgers vectors that are integral multiples of the basis
are all geometrically possible; they include Burgers vectors equal to a crystal

translation and a lattice dislocation. For example, the dislocation reaction

b

b, +5b,

87,53 | Ty 5a ¢, 7% |
z[-l,l 1] = 87 [1111] + ar [443] v (2)

results in a reduction of energy of 81% according to Frank's rule. The reduction
in elastic energy is less when b; DSCL dislocations are involved, since in

general, the magnitude of g3 is comparable with a lattice vector. For example,

(1 11] = -3—2.[1 T11) + % [19 22 &] (3)

results in a reduction of enefgy of only’Za%. Thé summation of bi2 éan only be
| used as a guide to the likelihood of dissociation reactions. Additional terms
should take into accounf the increase in GB area due to the steps introduced by
GBDs and the change in geometry of the boundary plane when a GBD moves.
For some GBDs the step energy is of the same order as the elastic energy of an
intrinsic GBD. Absorption by dislocation reactions involving gl and 9_2 vectors

are likely to be indistinguishable in the electron microscope.70’7l

The modeling
-df dissociations by GBD reactions of this type is equivalent to the model of
spreading of the core of the crystél dislocation in the GB revgion../2

GBD reactions of type (3) are marked in Fig. 11 as "a". The three 9—1

dislocations are so close that they appear as a single extrinsic dislocation.



- 25 -

There are in the literature only two experiments where t;.he smaller éom'ponents '
of a reaction type (3) have been distinguished as separate dislocation lines. The
observation of Bollmann, et al. in a E = 29 in stainless steel’> and the detailed
study by Dingley and Pond of a dissaciation ina E = 41 in aluminu.m.-m The sites
marked "b" (Fig. 11) represent the same dissociation for a trapped lattice
dislocation, that is, a lattice dislocation that has retaihed its integrity in the GB
region. A number of these dislocations (marked "c") do not dissociate in the
boundary. | |

The absorption mechanism suggests that an incoming glide dislocation
can be redistributed in the boundary so as to create a favorable condition for-
“slip in the other .grain. This requires diffusion controlled climb’of the GBDs and
there is some 'evi"dehce75 that this éan'occur even at room temperature due to
non-equilibrium effects. Eventually, the boundary will harden giving rise to
dislocation pile-ups. The stresses at the head of'tﬁe pile-up can then activate

7 -GBs were also

F'ran‘k"-R\ead sources76 or prismatic loop sources in the GB.
shown to be dislocation sources-in the deformation . of niobium78 although
~ dislocation pile-ups were not observed. fn closing this section, it is important fo
remark that the absorption of dislocations also occurs at in;érphase interfaces.
For example, in spinodally 'decom’posebd . Cu-Ni-Fe, slip dislocations were
assumed to be ‘captured in the interface boundary by the misfit stress field and
subsequently ‘mult‘.iply.79 |

3.3. The structure and accommodation of a change in GB plane in a [101] low

" -angle twist boundary

~ A change in GB plane happens through a GB step, GB faceting or a GB
curvature producing an effective change in the overall boundary plane. A
systematic study of the accommodation of these changes was carried out in a

- low angle boundary whose structure was analyzed in Sec. .2.3. The
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disorientation was measured from several pairs of diffraction patterns. The
main component is a twist of 4° around [101] which is normal to the ‘bou‘ndary
plane. Within experimental error of +.5° there is no detectable tilt component.
The dislocation structure is given by the vL-vnet and b-net of Fig. 4. It

corresponds to three sets of dislocations

[fi1)] | 1

| -7
Setlb) = 5 4 = [T11]
Set:2b, = 2[11T] L =1111I] @
Set3g3'=a[010] ;= [o10]

The structure of the boundary was imaged under strong excitation conditions
(two beam conditions where either one or both grains are strongly diffrécting)
and weak excitation conditions (weak beam cases which induce more localized
sampling of the strain fiel‘dé, of the GBDs). The alignment of the boundary
normal With'the electron microscope optic axis was not accessibie. The beam
directions that correspond to the micrographs in Fig. 12 are [113] and [001].

The table below gives a g.b contrast analysis

- Table 1. Contrast Analysis

eb  3(0] [T [010] Aspect
[200] T 1 0 )
(110] 1 0 1 ()

Ea Y A : T T ~N
[110] 0 1 1 <
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A stép in the GB is shown in Fig. 13. The displacement of the thickness
fringes occurs in free steps and élso at extrinsic dislocations due to a change in
the deviation parameter near the defect. Steps at GBs are usuallyi associated
with-a trapped GBD and thus show a dislocation character. This can be visua-
lized in the L-net and b-net by introducing a new rule in the duality relation-

ships in Sec. 2.3.80'

DS5) If an extrinsic dislocation line is introduced in the L-net, the’n' a
step appears in the b-net corresponding to the Burgers vector of the

extrinsic dislocation.

This is illustrated in Fig. 14 where the L-net and b-net were rédrawn
according to the observed GB step with an associated a/2 [111] foreign
dis'ldcatibn. The two regions of the b-net are now displaced with resp‘ect_tb
each other by the Burgers vector of the foreign dislocation that lies out‘of the
pl‘anev of the net. This step in the b-net corresponds to the step in the L-net in
real space. - |
| Figure 15 shows the same GB faceted on the (111) plane. The facet is
~ then in the pure tilt configuration and is accommodated by a set of edge
v'cirislocbations with -Bufgers vector a/2[111} and line direction | = [101]. Grain
boundary facetihg away from the symmetric boundary plane can be explained in
- terms of the energy of the dislocation arrays. Howevex",v for anisotropic becc
met.éls,' there are not readily available formulae like the Read-Shockley
‘expression for the isotrovpic cr:ase.81 vIn general, it is only energetically favor-
able for GBs inclined away from the symmetric direction to assume some

degree of mixed character'.82
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Finally, as shown in Fig. 16, the chaﬁge in boundary plane (101) to (112)
was accommodated by the emission of dislocations onto the (110) plane. The
stress concentration produced by the change in boundary plane is relieved by.
plastic flow. The curvature of the emitted dislocations show that they emanate
from the boundary. It was observed that the foreign dislocation with the
associated step discussed above was close to the boundary kink (see Fig. 17). It
has been suggested that when this trapped dislocation moves along the boundary
plane; it will react at the kink by emitting dislocations into a favorable slip
plane. The mechanism is illustrated in Fig. 18. The result i‘s that the foreign
dislbcation continues to glide easily in the new boundary plane or is absorbed in
the network. For example, in this case the dislocation would dissociate through

the reaction (see also Fig. )

1:904-9

1 1= '
$[111] = 3 [1T1] + [o10] . | | (5)

It is Well-knﬁwn that minute additions of carbon help.to prevent the
brittleness df_ b-rmlybdenum.. The ease with which thé low  angle boundaries
observed -in this. material accommodate deformation mechanisms explains the
relative toughness of low angle GBs over GBs with large rnisor_ient.ationsa83
‘Molybdenum shows an intrinsic intergranular brittlenessa_a (i.e., brittleness in
the absence of GB segregaf;jon). ,Th.is makes it the ideal material-for the
continuation of these studies on the role of the- mechanisms of accommodation

of deformation at GBs in the continuation of plastic flow and the accommoda-

tion of the intergranular crack in bcc material.
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4. CONCLUSIONS

It was shown that a crystal dislocation dissociates in a near-coincidence
" boundary into-GBDs with Burgers vector characteristic of the DSCI__f Trans-
granular slip takes place by the movement ‘of the GBDs along the boundary
plane-until a favorable condition occurs for plas_tic flow to continue in the
adjacent grain. de mglé boundaries show a tendency to minimize strain
energy by changing GB plane or - by 'emitting. dislocations.  These two
mechanisms are expected to play an important role at high temperatures when
the extrinsic dislocations will be free to move by a combination of climb and
glide along the boundary.

Thé» O-lattice theory provides an ele_ga.nt ‘method for the geometrical
study of GB structure and GB dislocation reactions. The basic theorem is the
conservation of the crystal lattice in the case of low angle bound‘arieé and the
-CSL for near-coincidence boundaries. This model is restricted because it ‘ail-ows
relaxétions mly to dislocations of the appropfiate lattice. However, the
caléulated structures are confirmed by TEM as shown in this. investigation for
bce matérials and in a number of other.investigations in fcc materials (quoted in
the text).

The fundamental objective therefore still remains . to utilize
‘observation's' of individual GB deformation mech‘anismsin the devvelohment of an

understanding of polycrystalline behavior and grain boundary engineering.
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Appendix 1. Matrix representation of pdint group 432

a) Identity

b) Four-fold éxes-

90°/[100]=
180°%/[100]=
270°/[100]=

90°/[010]=

- OO

e

"c) Three-fold axes

120°/1111]=

2400/[111‘]'=

OO

o= O

I

o o=

oo

o r O

OO

2706/[00115 [2 "o
| 1

0
0

0
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90°/[001]=|-1
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240°/[1T1]1=| 0
~ 1
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OO
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|




120%/[11T]=
240°/[11T)=
d) Two-fold axés
180°/[110]=
180°/[101]=

180°/[011]=

- oo OO OO
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QOO OO

|

3

J

L

120°/[T11]=

' 240°/[T11]-=

180°/[1T0]=
180°/[10T]=

180°/[01T]=

0

0'1
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FOOTNOTES

*The angle of disorientation is the least in magnitude of the 24 angles of
rotation obtained. It thus corresponds to the maximum of the trace Tr(R®A) =
s s s o . P S
8 Ay, +ag. The greatest possible value for the angle of disorientation is-
62.80°.°°
**The calculations for a physical fit situation (layers displaced by %— 33) necessi--
tates Lthe consideration of an inhomogeneous transformation in the plane of the

: l:voundary.35

*

The CSL. sub-lattice has a unit cell of larger dimensions than the crystal
lattice and so some authors call it a super-lattice by analogy with ordered -
structures. However, in crystallographic terminoldgy, the CSL is a sublattice

because its point group is contained in the point group of the crystal lattice.

™1 is the number of O-lattice unit cells per CSL unit cell. det (T) = % .

SCryst'al coordinates are marked by ('). Inthe case of a primitive cubic lattice, T

= T'. the transformations are given by the matrices S.
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FIGURE CAPTIONS

- Effects of slip bands in yield and fracture a) slip bands in a grain; b)

model as a shear crack; c) Stroh's mode!l of cleavage fracture (after
Knott10), |
Schematic representation of the experimental procedure to obtain a
misorientation relationship in the electron microscope. -

Atomic Moir$ model of a low angle twist boundary with axis [101]

in bcc material.

L-net and b-net representations of the dislocation structure of a low

angle twist boundary with axis [101] in bcc material (the scales

correspond to a rotation of 4°).

The DSCL, CSL (E = 5), and O-lattice for a simple cubic crystal’

misorientation of 36.9°/[001]). The basis of the DSCL are shown as

b, and b,.
Outline of the terminology of grain boundary defects and
classification criteria.. |

A low angle twist boundary in Mo with axis [111].

Bright field and dark field of a chair type [111] twist boundary.

A éifnultaheous two-beam condition at a near E = 41 55.9°/[110]

grain boundary.

Dislocation structure of a near E = 41 55.9%[110].

‘Grain boundary dislocation reactions in a near E = 41 55.9%/[110] a)

dissociation of a crystal dislocation; b) dissociation of a trapped
dislocation; c) undissociated trapped dislocation.

Bright fields and weak beam dark fields of the dislocation structure

~ of a low angle twist boundary 4% [110].



Fig. 13.

Fig. 14.
Fig. 15.
Fig. 16.

Fig..17.

Fig. 18.
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Dislocation structure of a GB step in a low angle twist boundary
4°/[110].

L-net and b-net construction to show a grain boundary step
associatéd with a trapped dislocation.

The accommddation of a GB facet into a pure tilt component.
Emission of dislocations from a GB kink.

A GB- step associated with a trapped dislocation moving towards a
GB kink where it generates matrix dislocations:

Generation of lattice dislocations from grain boundaries. - In the

boundary sections AP and PB the Burgers vector of the GBDs are b,

~and b,. " In order to achieve a change from b, to b,, lattice

dislocations are generated at P (from Gleiter75)
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