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7.1 CLASSIFICATION, GEOMETRY AND ENERGY OF INTERFACES

The angle between two lattices of two two-dimensional crystals, , is not sufficient to specify the boundary. 
To completely define  the boundary one must specify ·

1. The orientation of one lattice with respect to the other 
2. The orientation of the boundary with respect to a lattice, 

Since the boundary can be specified with two angles it could he called a two-degree-of-freedom boundary

2-D



To describe a boundary between three-dimensional crystals one must specify both the orientation of the 
crystals with respect to each other

 

and
the orientation of the boundary relative to one

 

of the crystals. 

Crystal. Imagine that this crystal in 7.2a  is sectioned on the X-Z plane and then the right section is rotated 
about the X axis to form an orientation mismatch between the two

 

crystals as shown in Fig. 7.2(b) . 

In general one could rotate about each of the three axes, X, Y, and Z so one must specify three angles. 
(Euler angles)

Boundary. Consider the boundary between two crystals of fixed orientation as shown in Fig. 7.2(b). 
In this case the boundary lies in the X-Z plane. The boundary plane could be changed by rotating it about 
either X or Z but not by rotation about Y. Hence, to specify a boundary orientation between two crystals we 
must specify two angles. 

Therefore we conclude:
The general grain boundary has five degrees of freedom; three degrees specify the orientation of 
one grain relative to the other and two degrees specify the orientation of the boundary relative to 
one of the grains.

3-D



The XYZ system is fixed while the xyz system 
rotates. Starting with the xyz system coinciding with 
the XYZ system, the same rotations as before can 
be performed using only rotations around the 
moving axis.

Rotate the xyz-system about the z-axis by α. The x-

 
axis now lies on the line of nodes. 

Rotate the xyz-system again about the now rotated 
x-axis by β. The z-axis is now in its final orientation, 
and the x-axis remains on the line of nodes. 

Rotate the xyz-system a third time about the new z-

 
axis by γ. 

Euler angles –
 

hvordan
 

et koordinat
 

system bestemmes
 

i forhold
 

til
 

et annet
(Krystall-krystall,  Krystall

 
–

 
prøve

 
etc)



Figure 7.3 shows two different models for a grain boundary. Figure 7.3(a) considers that the two 
nearly perfect crystals extend up to a thin layer of atoms that has an amorphous structure and acts 
almost as a liquid boundary layer separating the crystals. 

This is an old

 

model for grain boundaries, stemming from the ideas of Beilby

 

early this century. 
Recent experimental studies indicate that grain boundaries are more closely represented by the 

model of Fig. 7.3(b). (energi)

In this model the nearly perfect crystals extend up to each other and touch at irregular points. The 
boundary contains atoms that belong to both crystals, D, and atoms belonging to neither crystal, A; it 
contains compression zones, B, and tensile zones, C. In general,

 

the width of the grain boundary is 
thought to be quite narrow, only a few angstroms.

Grain boundaries D Both grains

A None

C tensile zones

D compressive
zones



Small angle boundaries



Figure 7.5 shows an array of edge dislocations lined up to form a tilt 
boundary. 
It was shown in Chapter 6 that in this array the dislocations do

 

not 
exert a force upon each other in the slip vector direction, so one 
expects it to be stable. 

It is indicated schematically on Fig. 7.5 that a compressive stress 
exists above each dislocation and a tensile stress below each 
dislocation. Alternating tensile and compressive regions exist along 
the boundary and these stresses will tend to cancel each other. 

It may be shown that the stress fields of the dislocations essentially 
cancel each other outside of a circle of radius D. Consequently,

 
there is no long-range stress field produced by the tilt boundary, so 
that the crystals around the boundary may be stress free beyond 
distance D.

(se også
 

“dislocations”)



The plot of Eb versus  is concave downward.
This means that if two low-angle boundaries, each of misorientation

 

1

 

merge to form a new boundary of 
misorientation

 

 2

 

= 21

 

the energy of the new boundary 
is less than that of the two initial boundaries. 

P35 fra

 

“Dislocation”



Forklart
 

under “dislocations”



The second type of simple grain boundary described with dislocations is  twist boundary.  It is 
illustrated by a single crystal rod that has been cut along one face. The lower half of is now rotated 
about the Z axis by an amount 

 

thereby forming a grain boundary (one-degree-of freedom)
The dislocation model consisting of a square grid of crossed screw dislocations. 

The twist boundary is the simplest screw dislocation grain boundary, whereas the tilt boundary is 
the simplest edge dislocation grain boundary.



The tilt boundary shown have a mirror plane between the crystals. 
If the plane of the boundary is simply rotated off this symmetry

 

position one forms a two-degree-of-

 
freedom tilt boundary. Such a boundary can still be described by

 

a dislocation array.
However, if the boundary becomes much more complex it is extremely difficult to describe with 
dislocation models and one generally refers to these more complex boundaries with a nonspecific 
model such as Fig. 7.3(b). Grain boundaries are often classified by a scheme which is given

 
roughly as follows:

Small-angle boundaries

 



 

= 0°

 

→3°

 

to 10°
Medium-angle boundaries 

 

= 3°

 

to 10°

 

→ 15°
Large-angle boundaries 

 

=15°

 

→

where we are referring to a one-degree-of-freedom boundary, and 

 

is the mismatch angle.



1.

 

The small-angle formula, Eq. 7.6, gives the proper form (shape) of the EB versus 

 

curve all the way up 
to 15°-20°. However, it does not give the correct absolute values of Eo

 

and A when fitted to the data 
beyond 5°→6°.

2. The energies of large-angle grain boundaries are approximately constant at around 500-600 ergs/cm2.

3. In polycrystalline metals over 90% of all the grain boundaries are high-angle boundaries because the 
probability that all three orientation angles are low is very small. Consequently, the grain boundary 
energy in polycrystalline metals may be taken as constant at around 500-

 

600 ergs/cm2

1 ev = 1.602176462E-19 J
1 erg = 1E-7 J 
1 cal = 4.1868 j
1 erg= 624150974451.2 eV

This

 

comes

 

out

 

to about

 

6 ev/plane 
of

 

atoms normal to the

 

dislocation

 
line, 
or over 108 ev/cm.



fully coherent boundary. 
There is a one-to-one matching of the lattice planes across the bound

 
This generally produces lattice strains around the boundary where 
the lattice planes must be " bent" to give this one-to-one matching. 

Incoherent boundary
In an incoherent boundary there is no regularity of
lattice-plane matching across the boundary. 
Example high angle boundaries

A partially coherent or semicoherent

 

boundary
Shown here are two cubic lattices touching on their respective 

(001) planes. The lattice parameters are taken so that a

 

> a. 
Consequently, an effect similar to a vernier

 

caliper is produced. 
Here a perfect lattice matching occurs every six spacing of the 

 lattice. Notice also that every six spacing one obtains a  plane 
situated directly between the two lower a planes.

In real crystals the boundaries relax under the forces between 
atoms into the dashed positions and this leaves an edge dislocation 
at the point where the  plane is located symmetrically between two 
a planes.

Hence edge dislocations are obtained periodically with a spacing

 

D,. 
Consequently, we may consider a semicoherent

 

boundary as 
consisting of regions of coherency, A, and regions of

 

disregistry, B, 



Twin boundaries are perhaps the simplest of all grain boundaries. 
7.13(a) illustrates a coherent twin boundary. Notice that the twin boundary
is a symmetry plane, a mirror plane. Complete coherency at the boundary
is obtained without any straining of the lattices because a perfect registry of
the lattices is naturally obtained at these special boundaries. 

If the twin boundary plane rotates off the symmetry plane
 

one obtains a partially 
coherent twin boundary (usually called a noncoherent

 

twin). The disregistry
 

of the 
boundary is given by = (a1 - a2 )/a1 , which is a function of the angle . This boundary 
is an example of a two-degree-of-freedom boundary.

Twin boundaries



The interface energy: the energy of the interface region minus the that region without an interface. (pr area)

Can be partitioned into strain energy and chemical energy.  Figure 7.14 shows a hypothetical energy versus-
distance curve for an atom within a crystal lattice, where positions S are the lattice sites. When an atom is 
displaced from its lattice site by some force (stress), a strain

 

energy (B) is produced. This energy is given per 
unit volume as ½

 

.

This chemical energy (A) arise from the unstrained chemical bonds and depends on the number and strength 
of these bonds. Consider the semicoherent

 

interface of Fig. 7.12. In regions A, atom displacements are 
required in order to produce coherency, see Fig. 7.11, so that here the interface energy is mainly strain 
energy. However, at regions B the number and strength of the chemical bonds relative to a perfect lattice are 
affected at the dislocation cores so that here the energy is mainly chemical. 



One may summarize the partitioning of energies at interfaces as in Table 7.1. 

The strain energy of the coherent boundary is large because of the atomic displacements 
required for the one-to-one lattice registry. 

The chemical energy of the high-angle boundary is large because the number and strength 
of the chemical bonds to a boundary atom are much different than

 

to an atom not on a 
boundary. 

One may now ask: Would a high-angle boundary or a coherent boundary be more effective 
at stopping dislocation motion? To stop a dislocation the dislocation must feel a force 
retarding its motion. In Chapter 4 we showed that stress fields in the crystal produce forces 
upon dislocations, Eq. 4.10. Since the strain energy of the coherent boundary is large, the 
corresponding stress field could be effective in stopping dislocations. However, the strain 
energy of high-angle boundaries is very small, and consequently these boundaries will exert 
little force on dislocations gliding into them.



Two grains with different chemical potential
The force on an atom is given by the gradient of the Gibbs 
chemical potential, -dµ/dZ.  With width of interface

 



v[grain

 

bdry]

 

= -

 

v [grain bdry

 

atoms]

The average velocity of the grain boundary atoms may be taken as

 

v = BF
where B is their mobility and F the force given in Eq. 7.30. Hence, from
Eq. 7.31 we have

7.5 MOTION OF GRAIN BOUNDARIES

7.30

7.31

7.32

This equation serves as a basis for discussing the velocity of grain boundaries. It shows that the 
velocity depends upon the chemical potential difference across the boundary and the mobility of the 
atoms across the boundary. We will discuss each of these terms separately.



Drivkrefter
 

-
 

1 lagret
 

energi

The velocity depends upon the chemical potential difference across 
the boundary and the mobility of the atoms across the boundary. 

The stored energy of the soft annealed grain is essentially zero

 

and we 
may neglect the volume and entropy terms

Linear with stored energy
Relevant for recrystallization

The Gibbs chemical potential , is identical to the partial -

 

molal

 

free energy G, 
we may write for the difference in chemical potential between the two grains

When a material is cold worked, a high density of
defects is introduced into its lattice. These defects, mainly dislocations,
increase the energy of the lattice. Consider a bicrystal

 

as shown in Fig. 7.38
where grain I is a soft annealed grain and grain II is highly cold worked.



Drivkrefter
 

-
 

2 Elastisk
 

tøyning

Elastic energy →

To korn
 

med ulik
 

E modul

Utgjør

 

en liten

 

verdi

 

–

 

illustrerer

 

at ulike

 

enegi

 

kilder

 

kan

 

gi

 

korngrense

 

bevegelse



Drivkrefter
 

-
 

3 Krumning
 

av
 

grenser

Grenseflater

 

har

 

overflate

 

spenning

 

så

 

en krum

 

overflate

 

må

 

ha en 
kraft

 

normal på

 

den. Likevekt

 

tilsier

 

at det

 

da

 

må

 

være

 

en trykkforskjell

 
over grenseflaten. 

Overflatespenning

 

er

 

lik

 

overflatetensjonen

 

. Kraften

 

blir

 

l og

 

den 
horisontale

 

komponent

 

l sin(d/2). De to balanseres

 

av

 

kraft

 

pga

 
trykkforskjellen.

For små

 



For en mer

 

generell

 

form –

 

lokalt

 

ellipsoide

 

:  

Since the pressure is always higher on the concave side of the boundary we see by Eq. 7.37 
that the chemical potential is always higher on the concave side. This result is also apparent 
from Eq. 7.39. Consequently, the chemical potential difference will cause atoms to move 
toward the convex side.



1. Grain boundary curvature provides a driving force for growth.
2. Since the atoms move toward the convex side under this force,
curvature induced growth moves the boundary toward the concave 
side.This

 

is illustrated in Fig. 7.40 where the boundaries have moved 
from positions 1 to 2 during a heat treatment. 
3. Small grains (less than six sides on a two-dimensional cut) become
smaller and large grains (more than six sides on a two-dimensional cut)
become larger, see Fig. 7.33, as a result of curvature-induced growth.

Grain boundary will have a driving force for motion any time the
 

chemical 
potential of the atoms in two bordering grains is different. The

 
two common 

causes of such a difference are
1. a difference in stored energy due to cold work,
2. curved grain boundaries.



MOBILITY -
 

1 Impurities atoms (Greitt
 

å
 

lese vel)

Drag –
 

parallell
 

som
 

dislokasjoner



MOBILITY -
 

2 Particles

When a moving boundary encounters a second-

 
phase particle, the particle will exert a 
restraining force upon the boundary that will 
cause it to be pulled back at that particle.

The restraining force is calculated from the 
component of the surface tension acting in the 
vertical direction.
The  restraining force is



MOBILITY -
 

3 Temperature



C. NORMAL GRAIN GROWTH

The growth of grains under the driving force of grain boundary curvature is referred to here 
as normal grain growth. In the absence of stored energy due to cold work, this is the driving 
force causing grain growth. We will present an approximate derivation for the rate of normal 
grain growth.
From above we may write the velocity of growth of a spherical grain as

7.43



An interesting practical example where the above ideas are quite

 

important involves tungsten filaments in 
light bulbs. Since the filaments operate at an extremely high temperature, considerable grain growth may
be expected to occur. When large grains extending across the filaments develop as shown in Fig. 7.43 the 
filaments in some cases become very brittle and break apart under the stresses produced by the thermal 
expansion on heating and cooling. Consequently, second phase particles of thoria

 

are (doped into the 
tungsten to limit this grain growth. 

For a random distribution of second-phase particles of volume fraction f and radius r the mmber

 

of particles 
intercepted by 1 cm2

 

of interface is 3f/2r2

 

Consequently these particles will produce a force per
unit area restraining the grain boundary motion of (3f/2r2

 

).r

 

[1+cos ],

 

from Eq. 7.42. When this force 
balances the pressure force due to curvature, grain growth will stop and we will obtain a limiting grain size. 
If we assume spherical interfaces of radius R, we obtain using Eq. 7.36 the limiting radius of curvature,

Examples: Surface, Mech.alloys, AlMn

 

SC



Examples
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