Crystalline Solid Structure
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Objectives

O H M A2 (Face-Centered Cubic), M| & & &) (Body-

Centered Cubc), 2 X2 (Hexagonal Close-Packed)
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Metallic Crystal Structures

dHow can we stack (hard-sphere) metal atoms to minimize empty space?

2-dimension
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Now, how can we stack these 2-D layers to

make 3-D structures while minimizing the empty space?




Swarm of delocalised electrons

Metallic Crystal Structures

Simple Cubic
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JFace-centered cubic

 Atomic packing factor (APF; & A}

JBody-centered cubic

Close-packed direction (if any)

JHexagonal close-packed




Simple Cubic Structure (SC)

- Rare due to low packing density; only Po(Z Z &) has this structure.

C/T 0/. e Close-packed directions are cube edges.

« Coordination # (H{¢l%=) =6
o - (# of nearest neighbors; Z| 28 & X} )
O— 0/.

» Lattice parameter a, radius of the atom R:
a=2R

* The number of atom in the unit cell? 1

* Why? An atom in the corner is ‘shared’ by 8
neighboring unit cell.

- A= (0L 2ot B™ FXRQIKX]):
Atomic packing factor (APF) — CtZ slide




Atomic Packing Factor (APF)

Volume of (hard-sphere) atoms in unit cell*
Volume of unit cell

APF =

*assume hard spheres

» APF for a simple cubic structure = 0.52

T atoms volume
/

b unit cell atom

4 3
_l_ 05, 1 371'(0.561)
| APF =
close-packed directions 613 volume
contains 8 x 1/8 = =

1 atom/unit cell unit cell




Body-Centered Cubic Structure (BCC)

« Atoms touch each other along cube diagonals.
 ex: Cr, W, Fe (o), Tantalum, Molybdenum

* Coordination # =8

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

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

volume
atoms 4 / atom
unitcell ™2 37?(561/4)3
APF =
- 23 < volume
: Close-packed direction | unit cell
L - _(Cibe_diig()_nz"_l) _ » APF for a body-centered

cubic structure = 0.68




Face Centered Cubic Structure (FCC)

« Atoms touch each other along face diagonals.
« ex:Al, Cu, Au, Pb, Ni, Pt, Ag

e Coordination # =12

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

Close-packed directions:
length=4R =24

atoms
4 volume
. ‘ —_— 3 g
APF =
3 volume
av <
unit cell

 APF for a face-centered cubic structure = 0.74




BCC, FCC H| 1

IBCC
»Coordinate #: 8
»# of atoms per unit cell: 2

» APF: 0.68
JFCC
» Coordinate #: 12
»# of atoms per unit cell: 4
»APF: 0.74
AR 22| B E 2| 8F At ALY
N=N + N
St 2 78

where N;: # inside the unit cell; N on the faces; N.: on the
corners

4/19/18



Hexagonal Close-Packed Structure (HCP)

« SZDAO| TU NMZE (close-packed) X (ABDC-EFHGE 7t unit cell 2)
« ex:Cd, Mg, Ti, Zn

* Coordination# =12
e 6 atoms/unit cell

1 1
= 3x1(inside) + 12X 3 (corners) + 2% > (basal plane)

-+ APF =0.74 (same as that of FCC) — see Ex. 4.3
*c/a=1.633

« 3D Projection « 2D Projection
A sites Top layer
B sites Middle layer
A sites Bottom layer

Adapted from Fig. 4.3(a),
Callister & Rethwisch 9e.

Adapted from W. G. Moffatt, G. W. Pearsall, and
J. Wulff, The Structure and Properties of Materials,
Vol. |, Structure, p. 51. Copyright © 1964 by John
Wiley & Sons, New York.




FCC Stacking Sequence (Fig 4.23a)

« ABCABC... Stacking Sequence
« 2D Projection

Asites B sites C sites

Figure (b) from W. G. Moffatt, G. W. Pearsall, and J. Wulff, The Structure and Properties of
Materials, Vol. I, Structure, p. 51. Copyright © 1964 by John Wiley & Sons, New York.

« FCC Unit Cell




Theoretical Density, p

Using the crystallographic structure, the density can be ‘theoretically’ calculated.

——————————————————————————————————————————————————————————————————————————————

Density = p =

unit volume

mass per unit cell

~ volume of unit cell

# of Atoms per unit cellXmass of an atom

Vol. per unit cell

# of atoms per unit cellxmass of an atomXxAvog. #

Vol. per unit cellXAvog. #

eqas  Where n = number of atoms/unit cell
A = atomic weight
V. = Volume of unit cell = &3 for cubic
N, = Avogadro’s number
= 6.022 x 10%* atoms/mol




Theoretical Density,

JEx: Cr (BCC)
A (Atomic weight) = 52.00 g/mol
R (Atom radius) =0.125 nm

n (# of atoms in unit cell) = 2 atoms/unit cell

Relationship between lattice parameter (a) and radius:

4R
a= N 0.2887 nm

|
a / Adapted from
x Fig. 4.1(a), Callister &

Rethwisch 9e.

_ nA
p VcNa

atoms

=7.18 g/cm3

Ptheoretical —
volume _» -V\atoms Pactual =7.19 g/cm3

unit ceII




Densities of Material Classes

Graphite/

In general Metals/ Ceramics/ Polymers Composites/
. Alloys . fibers
Pmetals > P ceramics > Ppolymers 30 Semicond
Why? 00 — :g‘g,gnw Based on data in Table B1, Callister
Metals have... Bk
* close-packing 10 =] sSiver, Mo
. . : u,Ni
(metallic bondm_g) = $icels -
« often large atomic masses ~ 5] AEaie
H ™ ® Titanium
Ceramics have... c 4= shje,
. — trid
- less dense packing L2 3 Jeauminum 4 Giass soda T
» often lighter elements 2 §§ No®  SPTFE oGFRE*
g Q 2= e Maanesium rbon fibers
agnesium: e Graphite $EREN
Polymers have... E"'?"e $Aramid fibers
* low packing density 1= §EBPLED £s
(often amorphous) — ’
« lighter elements (C,H,0) 0.5 —] :
’ Wood
Composites have... 0.4 —
0.3 —

* intermediate ValueS Data from Table B.1, Callister & Rethwisch, 9e.




Polymorphism
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Polymorphic Forms of Carbon

Diamond
» Tetrahedral bonding of carbon
“* hardest material known
“* very high thermal conductivity

»large single crystals — gem
stones

»small crystals — used to
grind/cut other materials
»diamond thin films

“* hard surface coatings — used for
cutting tools, medical devices, etc.

tetrahedral

Fig. 4.17, Callister &
Rethwisch 9e.

131
311 444




Polymorphic Forms of Carbon
Graphite

»layered structure — parallel hexagonal arrays of carbon atoms

Carbon
atom

sp? hybrid orbital
L (BRZEY
S Ui ST S

Fig. 4.18, Callister &
Rethwisch 9e.

»>weak van der Waal’ s forces between layers
»planes slide easily over one another -- good (solid) lubricant




Polymorphism of iron

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

iron system
liquid
—1 1538° C
BCC
—11394° C
- &
FCC y-Fe » Paramagnetic 3_)82"7% Azt
—+-912° C
BCC @ » Ferromagnetism EtAZHE (steel)
Marfel Ae|Qla A wHo]
BCT, &3 aehz sat- 47|01y 20N @ A2 2 Bo[sict
HCP Materials Design [Cr2tA XM O E= A A T HERCH




Polymorphism of iron: phase transformation

\Fe — aFe  2Z0|meto4x|H oz oyl
VEDS RXIF EFZIXIC
FCC BCC EO:I'L—'— |' = |'|_ |'
Distorting BCT in a
BCT embedded in two certain way can
neighboring FCC result in BCC

VRS =
R (2

IH| AEfC| Fcclt BCTO| S A




Linear Density

, , Number of atoms
Linear Density of Atoms =LD =

Unit length of direction vector

[110]

ex: linear density of Al in [110] direction
a =0.405 nm

\ # atoms
™ 2

LD = =13.5nm™

length /v\/Ea




Planar Density of (100) Iron

What is PD of Iron’s = At T <912°C, iron (Fe) has
(100) at room the BCC structure.

temperature?

The repeated unit in 2D
(100) oo@@ — 4l
. . . - Ti lationshi
QOO@®® iiciiomine
Fg 420, Callster & Rethwisch o s ..t . Q0000 closed-packed

Pearsall, and J. Wulff, The Structure and Properties of Materials, Vol. d | re CtiO N Of BCC
I, Structure, p. 51. Copyright © 1964 by John Wiley & Sons, New
York. Reprinted by permission of John Wiley & Sons, Inc.] Rad | u S Of | ron R —_— O 1 24 1 n m

# of Atoms having their centers lying on the plane
Repeated unit in 2D ™S

Planar Density =

2 2 = nm?2 = m2

Area of atoms within the repeated unit

Repeated unit in 2D




Planar Density of (111) Iron

What is PD of (111)?

Planar Density =

16J§R2

3

O atoms in plane

O atoms above plan
1 atom in plane / unit surface cell

60° +2x120°_1+2_1
360° 360° 3 3

i.: atoms below plan

h = \Ea
The repeated unit

area =v2ah =3 a° \/_[4‘/_] @Rz

2X

3

= 7.0819MS = | 70 x 1010 2OMS
nm2 m?




Crystals as Building Blocks

« Some engineering applications require single crystals:
-- diamond single crystals for abrasives

-- turbine blades

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

» Properties of crystalline materials
often related to crystal structure.

-- Ex: Quartz fractures more
easily along some crystal planes
than others.

!

(Courtesy P.M. Anderson)




Polycrystals

» Most engineering materials are polycrystals.

Anisotropic
(morphological texture)

|sotropic

Fig. K, color inset pages of
Callister 5e. (Courtesy of Paul E.
Danielson, Teledyne Wah Chang
Albany)

* Nb-Hf-W plate with an electron beam weld.

« Each "grain" is a single crystal.
« If grains are randomly oriented and equi-axed, overall component

properties are NOT directional.




Single vs Polycrystals

» Single Crystals

-Properties vary with
direction: anisotropic.

-Example: the modulus

of elasticity (E) in BCC iron:

« Polycrystals

-Properties may/may not
vary with direction.

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

-If grains are textured,
anisotropic.

E (diagonal) = 273 GPa

E (edge) = 125 GPa

Data from Table 3.3,
Callister & Rethwisch 9e.
(Source of data is R.W.
Hertzberg, Deformation and
Fracture Mechanics of
Engineering Materials, 3rd ed.,
John Wiley and Sons, 1989.)

Adapted from Fig.
6.19(b), Callister &
Rethwisch 9e.

[Fig. 6.19(b) is courtesy of
L.C. Smith and C. Brady, the
National Bureau of
Standards, Washington, DC
(now the National Institute of
Standards and Technology,
Gaithersburg, MD).]

Texture:

Morphological texture
Crystallographic texture




X-Ray

X-ray: M XI7|Lto| ot &

=
oTT

Electromagnetic Spectrum

V. 1Hz 1kHz 1MHz Frequency (Hz)
- __JI 1.0 10? 108 10° 10"2 10° 10'8 102 10%

( ! ! ! ! ! IFMITVI In}rareli IUltlraviolletI ! ! !

- Long Radio Waves Microwaves Visible Light
/\/\/ AM short Radio Waves X-Rays

| I I I T I I I I R I I O |
10° 108 103 1.0 103 106 10° 1012 101

Gamma Rays

1 km Tm Tum 1nm
— Wavelength, . (m
Xray0] L0 YAl A A0l S AL 29 gth, 2 (m)
2SO E Olol 2| d of 4 2

CDiffraction gratings (2|2 4 X}) must have spacings comparable to the wavelength
of diffracted radiation. (d = A)

CQCan't resolve spacings < A (L& 0| [CH2} resolution2| SHA| 7t ZXH)

For the X-ray diffraction that occurs in crystal structure, the relevant spacing is the
distance between parallel planes of atoms.




Monochromatic X-ray

Monochromatic X-ray E'_é(a type of electromagnetic waves)2| M2 11
White X-ray ‘LFZ (wavelength) 2 2 & =IC}
Monochromatic= = TH & (thus £HE
. . C}AH NEST)2 2 O|F O T eI ectromagnetic wave
Monochromatic: =5 XP2|TH)

(Low-power) “H X-ray= HAIL| ™A} L Z=ZE Af 1h= 01 LHC},
|:|

2 2) Synchrotron A| 20| A =

SfA B
% A

=]
E




Monochromatic X-ray

Target© 2 M 0|= x| 2 0L} E -3 ©)
monochromatic X-ray
(characteristic X-ray) & O ZIC}.

X-ray tube
E: energy gap
- h
M shell A
QeS| MXIIL 2t = =2 binding energy = {5t M R}7} S QIXtO| MAt XL
of| L X| Z+oj| 7t%! orbital 2| I X}7F shellOf| A| Ct-2 shell = ‘ARorEES
ER = MAES inner shell2| H|O{ &l O|53lH EML 2 X 2=

knock-off orbital £ =74 ZFCt. Bt = (X-ray) CHAH O| X-ray Al




X-Ray Diffraction rule




X-Ray crystallography: X-Rays to Determine Crystal Structure

* Incoming X-rays diffract from crystal planes.

Reflections must
be in phase for
a detectable signal

/
(906
+7% N
.. O N
f(&’b qu,
&
extra 5, /A
distance
travelled . o
by wave “27 spacing 2|8 & (Bragg’s law):
d between d . - 2\
X-ray A nA
= N intensit = =———
DHOF, Y-ray targetS L (015 S0f cu), 2| E from 2sin ¢
AlSS EBIM S| HO| At 212 =X S
UCHH, 2| H 0| Lot A (crystal 0
1
>

o
plane)2| Zt AH2|(d)E 7H5& % ULt |




X-Ray Diffractometer - X-Ray 2| & 7|7

& rotation
(--

/- : \

’.'.:f i /\ ¥ rotaton

'1 ‘0 ‘| \
y I \*
incident X-ray .

— N

@_,. /‘./\\]\ i!" ! diffracte
\ /‘ — l
( \QD// |
» \ --/ >
\%:'?:-‘-r::(-)_r@—_ —— :::/&

© 28 ronation

Goniometer:
HI (2 Al H

[0 rot




X-Ray Diffraction Pattern

Z
C
Z
y C
a b 7 y
X (110)

~ c a b
> X
© - (211)
£ y
E — a b Increase in interplanar displacing
@ leads to increase in diffraction angle.
)
L (200)

Mmmwwqu\”n i LMWMWWWML&WWM-&J wmf.mmwvwmmm

20 30 100

Diffraction angle 26

Diffraction pattern of polycrystalline a-iron (BCC)




X-Ray diffraction and its applications in Materials Science

o (111)
2 - B8 TEE Z0E = AU
s [ (222) - AXtdE (@2 58 7ts
al (400) (331) (420)  (422)
— LA
00 100 200 300 400 500 600 700 800 900  100.0

Diffraction angle 26
Courtesy of Wesley L. Holman.

* \ Attractive force Fy

1200 AH é R d I

Loool. _>\ §T esidual stress
2 £
§ 800 | - N measurement
o 8 0 = Q2] =
5 ool j ; (LhHF S8 5%)
S 400} : S
£ 2
— 200 a

o
(]).35 156 137 138 159 14‘10 141
29Bragg




X-Ray diffraction and its applications in Materials Science

Sample Axes

Crystal Axes

Pol talo| Zt tal H49|7 doz EMESEO Z diffractionO|
oyerys &l —|D<::|ry|/Es e et o B5HH Z- 8O polycrystal 2|
randomOtX| YLCtH E7H &fgfto = HFO| 7} EX{HISEO 2 IO
O B¥0| diffractionO| 228 SHC} o OoTo S ol e S e
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