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Crystal Systems

Lattice centering and Bravais lattices
Indexing in the hexagonal crystal system
Crystal structures and fractional coordinates
Crystal habit (shape)

Stacking faults and twins
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Textbooks: Solid State Chemistry

1. Shriver, Atkins, Inorganic Chemistry
W.H. Freeman and Company (Chs. 2, 18 ...)

2. A.R. West, Basic Solid Sate Chemistry (2nd ed. 1999)
Wiley, New Y ork, 1999

Describing condensed phase structures

= Describing the structure of an isolated small
molecule is easy to do

— Just specify the bond distances and angles

= How do we describe the structure of a condensed
phase ?

— we have ~ Avogadro’s number of atoms to locate

we should either give up on specifying the position of
every atom or find a trick to help us out

Frequently used classifications for solids

amorphous solids (short distance order only, e.g. glasses...): special

physical and chemical properties ..

crystalline solids (long distance order): . .
synthesis and crystal growth, defects, structure — chemical bonding —

physical properties ...

covalent solids (e.g. diamond, boron nitride): extreme hardness, very
high melting points ..

ionic solids (e.qg. NaCl): structural chemistry, ionic conductivity ...
metals, semiconductors, insulators (different electrical conductivity):

close packings of spheres, alloys, mechanical and electrical properties,
chemical bonding ...

The structure of liquids and glasses

We can use pair distribution functions to describe
the structure of such systems
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Energy and Packing

* Non-dense, random packing

typical neighbor
bond length

Enthalpy

typical neighbor
bond energy

« Dense, ordered packing

S

Dense, ordered packed structures tend to have lower enthalpies,
but entropy goes favors less ordered packing.

typical neighbor
bond length

Enthalpy

typical neighbor
bond energy




Materials and Packing

Crystalline materials...
« atoms pack in periodic, 3D arrays
« typical of:  -metals
-many ceramics
-some polymers crystalline SiO2

Adapted from Fig. 3.22(a),
Callister 7e.

*Si e Oxygen
Noncrystalline materials...

« atoms have no periodic packing
e occurs for:  -complex structures

-rapid cooling
"Amorphous" = Noncrystalline noncrystalline SiO2
Adapted from Fig. 3.22(b),
Callister 7e.

Crystals

- Crystals are materials with a regular internal
structure
- They have internal translational symmetry
Some structural motif is repeated at regular intervals
throughout the solid
- Just because a material has nice flat faces it is not
necessarily a crystal
= Cut “crystal” glass is not a crystal!
+ Not all crystals have well developed faces

The structure of crystalline materials

= We can use the symmetry of a crystal to reduce the
number of unique atom positions we have to specify

= The most important type of symmetry is translational
— this can be described by a lattice
— A lattice is just a series of points describing the

translational symmetry of solid
— The lattice points do not represent individual atoms!!

= The structure associated with the lattice can be carved
up into boxes (unit cells) that pack together to
reproduce the whole crystal structure

Crystal Systems

Unit cell: smallest repetitive volume which
contains the complete lattice pattern of a crystal.

7 crystal systems

14 crystal lattices

Fig. 3.4, Callister 7e.

Unit Cells and Coordination Numbers

9

Unit Cell: An “imaginary” parallel sided region of a structure from which
the entire crystal can be constructed by purely translational
displacements (Contents of unit cell represents chemical composition)

Space Lattice: A pattern that is formed by the points that represent the
locations of the atoms (molecules).

Coordination Number (CN): Number of direct neighbours of a given atom
(“first coordination sphere”)

The lattice and unit cell in 1D
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Figure 1.13 A one-dimensional lattice.
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Figure 115 Choice of unit cell in a one-dimensional lattice.




The Lattice

Unit cell choice in 2D

Yy

Unit cell choice in 2D

Figure 1.16 Choice of unit cells in a square two-dimensional lattice,
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Figure 1.17  Choice of unit cell in a centred rectangular lattice.

Lattices and unit cells 2 D
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Figure 114 The five two-s dimenssonal lattices

Two-dimensional packing of spheres (atoms)
primitive packing

(low space filling)

close packing
(high space filling)

Metallic Crystal Structures
* Tend to be densely packed.

* Reasons for dense packing:
Typically, only one element is present, so all atomic radii are equal
Metallic bonding is not directional.
Nearest neighbor distances tend to be small.
Electron cloud shields cores from each other (non-local bonding)

* Have the simplest crystal structures.
We will examine four such structures:
simple cubic (SC),
body centered cubic (BCC),

face centered cubic = cubic close packed (FCC=CCP),
hexagonal close packed (HCP)




Simple Cubic Structure (SC)

» Rare due to low packing denisty (only Po has this structure)
« Only the cube edges are close-packed directions.

Coordination # = 6
(# nearest neighbors;

Body Centered Cubic Structure (BCC)

« Atoms touch each other along cube diagonals.
Note: All atoms are identical; center atom is shaded differently for ease of viewing.

ex: Cr, W, Fe (a), Tantalum, Molybdenum
« Coordination # = 8

2 atoms/unit cell: 1 center + 8 corners x 1/8

(Courtesy P.M. Anderson

Three-dimensional packing of spheres (atoms)

hexagonal close packing (hcp) vs. cubic close packing (ccp=fcc

Close-packed planes
2-D hexagonal symmetry

ABAB: ABCABC:

hexagonal close packing cubic close packing (ccp)
(hcp) =face centered cubic (fcc)
A B C BE A

Atomic Packing Factor (APF): Simple Cubic

Volume of atoms in unit cell*
Volume of unit cell

APF =

*assume hard spheres

« APF for a simple cubic structure = 0.52

T volume
atoms Ve
a - - 4 3 atom
unitcell 71 — = (0.52)
L =0.5a APF =
e a3\ volume
close-packed directions anit cell

contains 8 x 1/8 =
1 atom/unit cell

Atomic Packing Factor: BCC

« APF for a body-centered cubic structure = 0.68

J3a

J2a

Close-packed directions:
length=4R =3 a

Adapted from
Fig. 3.2(a), Callister 7e.

atoms

o 4 volume
B ~a 5 _ 3 -—

unit cell 2 —n([3a/4) atom

APF= —
3 volume

ae——
unit cell

Close-Packed Structures

« HCP from stacking of
close-packed planes:
ABABAB ..

Hex_cp.mov

Movie from “Visualizations in Materials Science,” Prof.
John C. Russ, North Carolina State University




Close-Packed Structures

« CCP/FCC from stackin g Movie from “Visualizations in Materials Science,” Prof.
of close-packed planes:

John C. Russ, North Carolina State University

Hex_fcc.mov

Common unit cells for hcp and ccp(=fcc)

hexagonal close packing (hcp)
(Be, Mg, Zn, Cd, Ti, Zr, Ru ...)

Coodination # =12

cubic close packing (ccp or fcc)
(Cu, Ag, Au, Al, Ni, Pd, Pt ...)

Coodination # = 12

Hexagonal Close-Packed Structure (HCP)

« ABAB... Stacking Sequence
« 3D Projection « 2D Projection

T A sites Top layer
j_ B sites Middle layer
A sites Bottom layer
Adapted from Fig. 3.3(a),
Callister 7e.
« Coordination # = 12 6 atoms/unit cell
« APF=0.74 ex: Cd, Mg, Ti, Zn

ecla=1.633

Hexagonal close packing

Each lattice point is

associated with two atoms.

One at the corner of the unit

cell and one inside the unit

cell

— Note this structure is an
ABABAB.... repeat of
closepacked layers

FCC Stacking Sequence

« ABCABC... Stacking Sequence
« 2D Projection

A sites
B sites
C sites

* FCC Unit Cell

Face Centered Cubic Structure (FCC)

« Atoms touch each other along face diagonals.
--Note: All atoms are identical; the face-centered atoms are shaded
differently only for ease of viewing.

ex: Al, Cu, Au, Pb, Ni, Pt, Ag
* Coordination # = 12

Adapted from Fig. 3.1, Callister 7e.

4 atoms/unit cell: 6 face x 1/2 + 8 corners x 1/8

(Courtesy P.M. Anderson)




Atomic Packing Factor: FCC

« APF for a face-centered cubic structure = 0.74
maximum achievable APF

Close-packed directions:
length=4R = |2 a

Unit cell contains:
6x1/2+8x1/8
= 4 atoms/unit cell

Fig. 3.1(a),

Callister 7e. atoms
Bt 4 volume
: i 3 -—
unit cell 4 —n(2a/4) atom
APF =

3 volume
ate—— —
unit cell

Atomic positions in FCC structure

Can represent atoms on unit cell projection drawing
with heights marked
Can also give atomic coordinates
- 0,00 05 %B1¥%0 140
— Only need to specify these four atoms as others a produced
by unit cell translational symmetry

The Unit Cell in 3 Dimensions

- Always use a right handed axis system
Axis lengths are specified by a, band ¢
- Interaxial angles are specified by o, f and y

Lattice and unit cell in 3D

We specify the lattice using the vectors a, b and c.

— The vector between any two lattice points (r) satisfies the
relationship, r = na + pb + qe, where n, p and q are integers

There is no fixed relationship between the positions of

a unit cell and the lattice that is associated with it

— The lattice only places constraints on the size and shape of
the unit cell, not position

Picking a unit cell for NaCl

oo,

LR R-R K-}
oeceoe

Fig. 1.2 Cubic unit cell of NaCl, a = b

P

Unit cell choice

= There is always more than possible choice of unit cell

= By convention the unit cell is chosen so that it is as
small as possible while reflecting the full symmetry
of the lattice

= If the unit cell contains only one lattice point is said
to be primitive. If it contains more than one lattice
point it is centered

« There are seven distinct “shapes™ of unit cell, that are
referred to as the seven crystal systems




Specifying points in crystals

Frequently need to specify the position of a
point, the direction of a line or the orientation
of a plane in a crystal
Can specify a point using
— r=(nt+u)a+ (ptv)b + (q+w)c n,p,q integers
— r=(na+ pb +qe) + (ua + vb +we)

»u, v, w are fractional coordinates specifying a position

within a unit cell. All positions with the same u, v and w
are symmetry equivalent

Point Coordinates

Point coordinates for unit cell
center are

a/2, b/2, c/2 Yo

Point coordinates for unit cell
corner are 111

Translation: integer multiple of
lattice constants - identical
position in another unit cell

Miller indices (hkl)

Miller Indices are the
reciprocal intercepts of the
plane on the unit cell axes
Identify plane adjacent to
origin
can not determine for plane
passing through origin
Find intersection of plane on
all three axes

Take reciprocal of intercepts = | -:'::7
If plane runs parallel to axis, L. | e |2

intercept is at oo, so Miller
index is 0

Chem 584
Structure of Solids, #2

Crystallographic Directions

z Algorithm
1. Vector repositioned (if necessary) to pass
through origin.
2. Read off projections in terms of
q unit cell dimensions a, b, and ¢
3. Adjust to smallest integer values
4. Enclose in square brackets, no commas

[uvw]

ex:1,0,% => 2,0,1 => [201]

-1,1,1 = [111] where overbar represents a
negative index

families of directions <uvw>

Miller Indices & Crystallographic Planes

« Example: z

(hKI) = (123)




Examples of Miller indices

(hkl) = plane _
<hkl> = direction (100) (11-1) = (112)
{hkl} = family = o .
oy il o ""_i.'ffq - _. '/..; "’T
- o [Tl
3 - e .
' (200)
AT
o o

Crystallographic Planes

110) Plane seferesced 1o the
v i point

r 1001] Plane referenced 1o
{7 theorginst pain O

-
-~ Other equivaent
-- (001) planes

Adapted from Fig. 3.9, Callister 7e.

Families of planes

- Miller indices describe the orientation and
spacing of a family of planes

— The spacing between adjacent planes in a
family is referred to as the “d-spacing”

Three different - = Note all
families of planes _ (100) planes
d-spacing between are members
(300) planes is one _— of the (300)
third of the (100) family

spacing (100! (200) (300)

Crystallographic Planes

« Miller Indices: Reciprocals of the (three) axial
intercepts for a plane, cleared of fractions &
common multiples. All parallel planes have same
Miller indices.

» Algorithm
1. Read off intercepts of plane with axes in
terms of a, b, ¢
2. Take reciprocals of intercepts
3. Reduce to smallest integer values
4. Enclose in parentheses, no
commas i.e., (hkl)

Planes of a form

- The symbol {hkl} refers to all planes that are symmetry
equivalent to (hkl). This group of equivalent planes are
referred to as planes of a form.

- For the cubic system all the planes (100), (010), (001),
(-100), (0-10) and (00-1) belong to the form {100}

- For a tetragonal material a=b # ¢ the form {100} would

only include (100), (010), (-100), and (0-10)

Crystallographic Planes

Z
example a b c
1. Intercepts 1 1 ®© ¢
2. Reciprocals 171 11 1o
1 1 0
3. Reduction 1 1 0 y
a b
4. Miller Indices  (110) X
Z
example a b c
1. Intercepts 1/2 0 0 c
2. Reciprocals 1% 1w 1o
2 0 0
3. Reduction 2 0 0 y
4. Miller Indices  (100) a b




Crystallographic Planes

example a b c c
1. Intercepts 1/2 1 34

2. Reciprocals 1/% 11 1/%

2 1 43
Reduction 6 3 4 8 b
4. Miller Indices  (634) X

Family of Planes {hkl}

Ex: {100} = (100), (010), (001), (100), (010), (001)

Specifying the direction of a line

The direction of any line can be specified by drawing a line
parallel to the one of interest so that it goes through the unit cell
origin and picking any point u’, v, w” on the line
Conventionally, u’,v",w" are multiplied by the smallest number that
pmduccs inlcgcrs uwv,w
Denote direction of line using the symbol [uvw]
— [uvw] are the indices of the line’s direction
— The use of a square bracket implies that we are talking about a direction
The notation <uvw=> implies that we are talking about all
directions in a crystal that are symmetry equivalent to [uvw]

— For example, in a cubic material all the body diagonals of the cube are
symmetry equivalent. So all the directions [111], [-111], [1-11], [11-1], [-
1-11], [-11-1], [1-1-1] and [-1-1-1] are symmetry equivalent. All of them
are directions of the form <111>,

» NOTE typically negative indices are specified using a *bar” over the number

d-spacing formulae

not by a negative sign

Unit cells and d,

For a unit cell with orthogonal axes

— (11 d2y) = (h2fa2) + (K2/b2) + (12/c2)
Hexagonal unit cells

— (1 /d%y) = (4/3)([h2 + K2 + hK)/ a2) + (17/c?)

TABLE 3.1, Obtaining wnit cell dimensions from dys values.

The gemeral equation for the spacings belween lattice planes dysy for a erystal with
wnit-cell dimensiens a, b, ¢, o, §, y is given by:

duy = X/,

where X and ¥ are:

X o= 1= eos® e = eon® § = eoa y 4 Decm o eon T eow gt

}.' = [(g},~|n’n+ (E)jyin’d-} (Ejz.in’\-

[ENNT]

In systems of higher symmeiry, this equation is greatly simplified. For esmple, of

a=g=y=
III'M NG
dua:l/\—AF+(—T (%.1.2)

Indexing in the hexagonal system

In hexagonal unit cells it is

common to refer the I S

Properties of hexagonal indices

orientation of planes and
lines to four coordinate
axes

— The fourth axis aj; is just
= -a,-a, . This approach

#o oo
__‘n!
a 4
Y)
HE

%

-

reflects the three fold . 1
symmetry associated with "
the unit cell

foon]
Indices are expressed as
(hkil)
—h+k=-i
— All cyelic permutations of
h, k and i are symmetry T2
equivalent (1i00) -

» S0 (10-10), (-1100),
(0-110) are equivalent




HCP Crystallographic Directions

4 Algorithm

1. Vector repositioned (if necessary) to pass
through origin.

2. Read off projections in terms of unit
cell dimensions a,, a,, a;, or ¢

3. Adjust to smallest integer values

4. Enclose in square brackets, no commas

iz
[uvtw]

a, -

ex: VoY, -1,0 = [1120] &*

dashed red lines indicate “
projections onto a, and a, axes a;

HCP Crystallographic Directions

« Hexagonal Crystals
4 parameter Miller-Bravais lattice coordinates
are related to the direction indices (i.e., u'v'w")
as follows.

[uv'w'] — [uvtw]

1
u=—(2u'"-Vv'
3( )
1
v==—(2v'-u
) 3( )
2o t _ '(LI +V)
Hl:m,‘ & w=w'

Fig. 3.8(a), Callister 7e.

Crystallographic Planes (HCP)

* In hexagonal unit cells the same idea is used

example a, a a; ¢C
1. Intercepts 1 0 -1 1
2. Reciprocals 1 1o -1 1
1 0 -1 1

3. Reduction 1 0 -1 1

4.  Miller-Bravais Indices (10i1)

Adapted from Fig. 3.8(a), Callister 7e.

Point symmetry elements

In addition to the translational symmetry
associated with a lattice, most materials have
addition point symmetry

Point symmetry elements operate to change the
orientation of structural motifs
A point symmetry operation does not alter at least
one point that it operates on

Point symmetry elements include

— rotation axes

— mirror planes

- rotation-inversion axes

A two fold rotation

. \_, -
LA IURE S

o -

B, /-
-

N

= o Foow
\'\/ W
Iy o T,. ,;‘/

.3

]
et hand I:JE’,I ] {;“? el st
| {
| \

a

[P —

A mirror plane

P T
=0 | Q=i =
Q <]
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An inversion center

*

k { . “},_?’4

%

o ot
e e

%
" I |\ b
L b i

A rotation inversion axis

The symmetry elements of a cube

All combinations of point
symmetry elements are not possible

- A three fold axis can not just have one two
fold axis perpendicular to it

- In three dimensions the existence of two
perpendicular two folds implies the
existence of a third perpendicular two fold

- The allowed combinations of point
symmetry elements are called point groups

Point symmetry elements
compatible with 3D translations

Point symmetry and packing

Symmetry element Symbol
Mirror plane m

Rotation axis n=234,6
Inversion axis n(=12.34,6)
Center of symmetry | |

11



The 32 point groups

Only 32 point groups
are consistent with
periodicity in 3D

Schonflies and Hermann-
Maugin symbols for
crystallographic point

1

R P T p——T

i with o e mormal

Ea—

o
o

s & b

aiD = Diidivpreppal

Symbols for symmetry elements 1

Symmetry axisor symmetry point  Graphical symbol*

Screw vector of a right-handed
screw rotation in units of the

Printed symibol
{subelements

shortest lattsce translation vector  in parentheses)
parallel 1o the axis

groups

tetrabndra, £ = oxtabedral)

= 1

Wentiny Nane None 1
Twofold rotation axis |

Twofald rotation point - [ Nose 2

{two dimensions) )

Twofold screw axis: 2 sub I ] 4 2,
Theeelodd rotaiion axis

Theeefold rotatson poim Y Nane 3

fiwa dimensions)

Theeefold screw axis: *3 sab 1° . i 3,
Threcfoid screw axis: 3 sub ¥ A i 5,
Fourfold rotation axis

Fourfold ratation paist + = None 4
{two dimensions)

Fourfold screw axi + m i 4, (20
Fourfold screw ax + : 4,02
Fourfold screw ax + H 4,020
Siafohd rotation axis

Siafold rotation paint } . None 6 (32
{1wo dimensions) -

Symbols for symmetry elements 2

The seven crystal systems

Sinfold screw axis: "6 sub 1 » 1 6, (31.2,)
Sinfold serew axis:'6 sub T . i 6, (3.0
Sinfold screw axis: 6 sub ¥ ] i 6, (3.2
Sinfold serew axis: 6 sub 4 B H 6, (3.2)
Sinfold screw axis: '6 sub 5 E 2 6, (3:.2))
Centre of symmetry, inversion

centre : *1 bar” . N I

Reflection point, mirrer point e

(one dimension)

Inversion axis: '3 bar A Nane Tan
Inversion axis: *4 bar' + @ None 32
Inversion axis: '6 bar' - None & = 3w
Twolold rotation axis with centre ] Mone 2m (1)

of symmetry

Twolold screw axis with centre of symmetry § 1 2,m (1)
Fourfold rotation axis with centre ¢ B None 4im (4.21)
of symmetry

“4 sub 2 screw axis with centre of symmetry ¢ & i 4y/m (321
Sixfold rotation axis with centre o None 6m (63321
of symmetry

*6 sub ¥ screw axis with centre -] 4 yfm (6.3.3.2,.1)
of symmetry

System Unit Cell Minimum Symmetry
Triclinic w#f #7990 | None
afbic
Monoclinic a=y=90° One two-fold axis or one

symmetry plane

Orthorhombig | @~ F=v=%"
a

Any combination of three
mutually perpendicular two-fold
axes or planes of symmetry

Trigonal ==y #90° | One three-fold axis
A= b=

Hexagonal o= fi=90 One six-fold axis or one six-fold
y= 120 improper axis
a=bie

Tetragonal a=f=y=%" | One four-fold axis or one four-
a=b#c fold improper-axis

Cubic a=f=y=%" | Four three-fold axes at 109° 23" 1o
a=h=g¢ cach other

Unit cells in 3D

Figare 1.22  The unit cells of the seven crystal systems.

Centering

face-centred (F)

-
¥ ’ —
peimitive (F) body-centred (1)
S -
/ X
- -
-

face-centred A (B or C)

12



Centering operators

- The location of the additional lattice points
within the unit cell is described by a set of
centering operators

— Body centered (I) has additional lattice point at
Walhla

— Face centered (F) has additional lattice points at
0'2Y%4, 40, and Y2140

— Side centered (C) has an additional lattice point at
Y0

Centering 3

- Not all centering possibilities occur for each of
the seven crystal systems
— Only 14 unique combinations (Bravais lattices)
— Some centering types are not allowed because they
would lower the symmetry of the unit cell
» E.g side centered cubic is not possible as this would
destroy the three fold symmetry that is an essential
component of cubic symmetry
— Some centering types are redundant

» C-centered tetragonal can always be described using a
smaller primitive tetragonal cell

Bravais Lattices

777 [T7] T]
il

Figmre 134 The 14 Bravais lassices

tombsc

Combining symmetry elements

« For three dimensions

— 32 point groups

— 14 Bravais lattices

— but only 230 space groups
= For two dimensions

— 5 lattices

— 10 point groups

— but only 17 plane groups

Describing crystal structures

- The location of all the atoms in a crystalline solid can
be specified by a combination of all the symmetry
elements that are appropriate and the fractional
coordinates for a unique set of atoms (asymmetric unit)

- Full symmetry of a crystal is described by its space
group

- We specify atomic coordinates for a small number of
atoms. We then apply all the symmetry elements
including the lattice symmetry to build up the full 3D
structure.

— Note each lattice point may be associated with many atoms

Crystal shape

# The external shape of a crystal is referred to as its
Habit
# Not all crystals have well defined external faces
— Typically see faces on crystals grown from solution
+ Natural faces always have low indices (orientation
can be described by Miller indices that are small
integers)
- Law of rational indices
+ The faces that you see are the lowest energy faces
- Surface energy is minimized during growth

13



« Linear Density of Atoms =LD =

Linear Density

Number of atoms
Unit length of direction vector

[110]
ex: linear density of Al'in [110]
direction
a =0.405 nm
# atoms
N, 3
LD=——=(3.5nm

length /"/Ea

Planar Density of (111) Iron

Solution (cont): (111) plane

atoms
2D repeat unit ~
Planar Density =

area Pl
2D repeat unit

1 atom in plane/ unit surface cell

\/E a © aomsinplane
© atoms above plane

& atoms below plane

2
area =+2 ah =+/3 &2 zﬁ(%R] :@RZ
1

1643

3

pdloms _ | 50 qg atoms
nm? m?

R2

atoms
unitcell ™2

p =
a
volume >

unit cell

3

3-D Density, p

« Ex: Cr (BCC)
A =52.00 g/mol
R=0.125nm
n=2

a=4RA3=0.2887 nm

g
-
2Ly mol | Ptheoretical  ~ 7.18 g/cm3
Pactual =719 g/cm3
atoms
mol

Planar Density of (100) Iron

Solution: At T <912°C iron has the BCC structure.
b

_,Q}_,) /2D repeat unit

e ao) 9O @ PR

P 000GO " -
00000
00000

Radius of iron R = 0.1241 nm

et

atoms
2D repeat unit ~

1
Planar Density =5~ = ——— = 121292 =y 5 y 1010 20T
area 2 4J§R nm m
2D repeat unit 3
3-D Density, p

Mass of Atoms in Unit Cell

Density = p = Total Volume of Unit Cell
_ _n A
VC NA
where n = number of atoms/unit cell

A = atomic weight
V¢ = Volume of unit cell = a® for cubic
N, = Avogadro’s number

=6.023 x 1023 atoms/mol

Densities of Material Classes

In general Graphite/ . ,
g ) Metls)  SIPNS) | ners | Composites/
Pmetals > Pceramics > Ppolymers Alloys o ond fibers
30
? Based on data in Table B1, Callister
Wwhy? 20 —| SRatinum *GFRE, CFRE, & AFRE are Glass,
etals have... ® Tantalum Carbon, & Aramid Fiber-Reinforced
M 4 | h Ej (values based
; poxy composites (values based on
M a 60% volume fraction of aligned fibers
close-packin
(metallic bonding) in an epoxy marix).
« often large atomic masses O
Ceramics have... T Temionion  poxce
« less dense packing S 3 Qiamond
N ® Aluminum lass -soda #Glass fibers
S
« often lighter elements 2 . ST .
Polymers have = *Magnesium e Graphite 8Cpibon fibers
V! o ’ sBlicone  Aramid fibers
« low packing density . SEET AFRE
(often amorphous) = SHEREES
« lighter elements (C,H,0) :
: 05 —|
Composites have... 04— $wood
« intermediate values 0.3 —|

Data from Table B1, Callister 7e.
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Crystals as Building Blocks

* Some engineering applications require single crystals:

diamond single crystals as abrasives  turbine Ti blades

(Courtesy Martin Deakins,
4| GE Superabrasives,
Worthington, OH. Used with
permission.)

« Properties of crystalline materials N !"
often related to crystal structure.

Ex: Quartz fractures more easily
along some crystal planes than

Polycrystals

Anisotropic
« Most engineering materials are polycrystals.
'.‘J '_*.“ 2
« Nb-Hf-W plate with an electron beam weld.  SOtropic

« Each "grain" is a single crystal.
« If grains are randomly oriented,
overall component properties are not directional.
« Grain sizes typ. range from 1 nmto 2 cm
(i.e., from a few to millions of atomic layers).

others.
(Courtesy P.M. Anderson)
Single vs Polycrystals
« Single Crystals E (diagonal) = 273 GPa

-Properties vary with
direction: anisotropic.
-Example: the modulus
of elasticity (E) in BCC iron:

E (edge) = 125 GP
* Polycrystals (edge) @

p >
-Properties may/may not [~ Jn 200 um

vary with direction. N

-If grains are randomly
oriented: isotropic. = _— 7~
(Epoly iron = 210 GPa)

-If grains are textured, Ty =
anisotropic. T

Polymorphism

« Two or more distinct crystal structures for the same
material (allotropy/polymorphism)

titanium iron system
o, B-Ti liquid
carbon 1538°C
diamond, graphite BCC
1394°C
FCC
912°C

X-Ray Diffraction

Electromagnetic Spectrum

THz  1kHz 1MHz Frequency (Hz)
1.0 10° 108 10° 10" 101 10 10" 10M
| I L | I T
; EMTV | In}rared Ultraviclet l !
Lang Radio Wt ATV T T T P
ng Radio Waves ! icrowaves Visible Light T Fs
AM _short Radio Waves e

Y ] I G V[ () (S () S S [ i [ I |

1 w0 10¢ 10 104 * 10 wh? e®
1km im lpm  1nm

Wavelength, & (m)

« Diffraction gratings must have spacings comparable to the
wavelength of diffracted radiation.

« Can't resolve spacings <A
* Spacing is the distance between parallel planes of atoms.

15



X-ray structure analysis with powders or single crystals

&‘ T : Raprosenction of & molsculs

, / COMPUTED THREE DIMERSIONAL
= ELECTRON DENSITY MAP
A4l T {Fouties Synthesisl

LA ] \ Aoms represented bry regeans of high
election density

] Fourier synihess.

CRYSTALLOGRAPHER

1oy
\ )
Setttorady, N DETECTOR
Pranographic or slectronic detector.

., A
ey
~ BN Dittracted Xoray cannor be 1e-
Derear ‘\{\.’_Ib’ Tocused 1 Torm an Emage

A eyl ™= Therelors they e inteicepted Bng
asued by & counling devica ot
T + 4 Nevay tansnis fam
11
ERAYS
Powder: sample of very small crystals (~um)

Single crystal: small crystal (~ mm)
Physical background: Bragg’s law

X-Rays to Determine Crystal Structure

« Incoming X-rays diffract from crystal planes.

QG

&

\o,
+ reflections must

4, bein phase for
a detectable signal

spacing
d between
planes

by wave “2"<
\‘ v
Measurement of X-ray
critical angle, Oc, intensity
allows computation of ~ (from
planar spacing, d. detector)

Q
extra
distance . ¢ OQ
traveled 0 ‘\ N,/

Derivation of Bragg's law for X-Ray diffraction

Xy =yz =d sin® » xyz = 2d sin®

constructive or destructive interference of X-Ray beams 1 and 2
if the optical path difference is an even or odd multiple of A/2:

constructive: 2x A2, 4 x M2, 6 x A2, ... n= 1xA, 2xA, 3xA, ...
destructive: 1x A2, 3 x A2, 5 x A2, ...

Condition for constructive interference (reflection):
n A = 2d sin © (Bragg’s law)

X-Ray Diffraction Pattern

, 7 ;
c c c
° (110) ° °
y y y
g a b a b a b
g X X X" (211)
e
E —
‘2
£ (200)
|
|
o it 'ww, L Tpr— mwmﬂm\mww
20 A I\. L] 0 L]

Diffraction angle 20
Diffraction pattern for polycrystalline o-iron (BCC)

Adapted from Fig. 3.20, Callister Se.

The reciprocal lattice

- It is convenient when talking about diffraction to use
the concept of a reciprocal lattice

- The reciprocal lattice is related to the real space lattice
by:
a, Xda, _ayXa,

h=—=r—- b= b, =
a,-a, Xdy a,-dy Xa, L apayXa

a X,

- a,, a,, a; are the vectors of the real space lattice
(alternatively a,b,c¢) and by,b,,b, are the vectors of the
reciprocal lattice (alternatively a* b*,c*).

- Note a,.a,xa, is the unit cell volume

Properties of the reciprocal lattice

Note a,bj=8,_]
Soa;.b; =1, buta;.b, =0anda,.b; =0 etc.
— This is the origin of the term reciprocal lattice.
— The reciprocal lattice and real space lattice are orthonormal
- Any point on the reciprocal lattice can be specified by
a vector Hyy; = hb, + kb, + lb; (hkl are integers)
— This vector is perpendicular to the plane in real space with
Miller indices (hkl)
— The length of this vector H, = 1/d,,, where d, is the
interplanar spacing in real space
— We get to represent a whole family of planes in real space by
a single point in reciprocal space
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Geometrical relationship between real and
reciprocal space

Mote reciprocal lattice

vector is always

perpendicular to the
corresponding real space plane

Only in orthogonal axis systems
are the real and reciprocal lattice
vectors parallel

Different types of atomic radii
(atoms can be treated [badly] as hard spheres)

elements or

element or compounds compounds
c_qr_'npourjg_s only (»alloys®)
§ : B + X e p
[l_ L -
‘!_.; "r' * r_* 2fy
2 Covalent radius 3 lonic radius 1 Matallic radius
Metals Atomic radius = d/2 in element (a.k.a. metallic radius)

Covalent radius = d/2 in single bond

Non-metals Atomic radius = d/2 in element
Covalent radius = d/2 in single bond

Variation of atomic radii through the Periodic table

3,
Cs
Rb
K
2 Na \ | B b Ac
\ o | n Pb +
L 1 i . i
A i Y zn 1 1 i R
(T 1 * \ =
| S Be Fo
Jd o
F
0. L L 1 L 1
0 20 40 80 80 100
z

Other quantities that show a systematic variation through the Periodic
System: Electronegativity, lonization Potential ...

SUMMARY

« Atoms may assemble into crystalline or amorphous structures.

« Common metallic crystal structures are FCC, BCC, and HCP.
Coordination number and atomic packing factor
are the same for both FCC and HCP crystal structures.

« We can predict the density of a material, provided we
know the atomic weight, atomic radius, and crystal
geometry (e.g., FCC, BCC, HCP).

« Crystallographic points, directions and planes are
specified in terms of indexing schemes.
Crystallographic directions and planes are related
to atomic linear densities and planar densities.

SUMMARY

« Crystalline materials can be single crystals or polycrystalline.
Material properties generally vary with single crystal
orientation (i.e., they are anisotropic).

But, in polycrystals with randomly oriented grains,
properties are are generally non-directional
(i.e., they are isotropic).

* Some materials can have more than one crystal
structure. This is referred to as polymorphism (or
allotropy).

» X-ray diffraction is used for crystal structure and
interplanar spacing determinations.
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