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Wilhelm Conrad Réntgen (1845-1923)

Bertha Rontgen’s Hand 8 Nov, 1895 A modern radiograph of a hand
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Gamma-Rays
X-Rays
Ultraviolet
Visible Light
Near Infrared
Far Infrared
Microwave
Radio

|

nm=nanometer, A=angstrom, um=micrometer, mm=millimeter,
cm=centimeter, m=meter, km=Kkilometer, Mm=Megameter

UVIS EUV - 55.8-116nm
UVIS FUV - 110-190nm
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X-rays

Pyrex glass

envelope  Ejectron

beam
Filament
Anode Cathode
Tungsten
target
Xrays
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What are the atomic processes
that can produce X-rays?

(1) White radiation

o - —
Efectron
Target Mucleus
Tungsten

+electrons from an external source are deflected around
the nucleus of a target atom and X-rays of multiple
wavelengths are emitted, depending on the kinetic energy
lost by the electron on deflection
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What are the atomic processes
that can produce X-rays?

(2) Characteristic emission

An incident e bumps onto an inner level e".
Both electrons fly out and energy is
emitted as an electromagnetic wave
(white). The “hole” is filled with a higher
level electron and this is accompanied by
X-ray emission (characteristic). These peaks
are labeled Ka, KB, Lo, L3, etc, depending

incoming

scattered
electron

on the specific energy levels involved. clectron
hng the

gap
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lead case

cathode

oil bath E. L,
Incident electron beam >
electron Ene Ea e -
o Characteristic
filter X+ays E, =E.-E,
R < . E, K
{ X-ray beam \
’ Ty Energy loss electron
: E=E -AE (LE >E,)
motor tungsten
anode
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Sometimes Updated

Wavelengths for X-Radiation are

.51 o] 1N
Copper Bearden Holzer et al. Cobalt Bearden Holzer et al.
Anodes (1967) (1997) Anodes (1967) (1997)
Cu Kal 1.54056A | 1.540598 A Co Kal 1.788965A | 1.789010 A
Cu Ka2 1.54439A | 1.544426 A Co Ka2 1.792850A | 1.792900 A
Cu Kp 1.39220A | 1.392250 A Co KpB 1.62079A | 1.620830 A
Molybdenum Chromium
Anodes Anodes
Mo Kal 0.709300A | 0.709319 A Cr Kal 2.28970A | 2.289760 A
Mo Ka.2 0.713590A | 0.713609 A Cr Ka2 2.293606A | 2.293663 A
Mo KB 0.632288A | 0.632305 A Cr Kp 2.08487A | 2.084920 A
* Often quoted values from Cullity (1956) and Bearden, Rev. Mod. Phys. 39 (1967) are
incorrect.
— Values from Bearden (1967) are reprinted in international Tables for X-Ray Crystallography and
most XRD textbooks.

* Most recent values are from Hoélzer et al. Phys. Rev. A 56 (1997)
* Has your XRD analysis software been updated?
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Bravais lattice cells

Bravais Lattices

Axes and interaxial angles

Examples

A

Cubic |

Cubic P Cubic F

Three axes at right angles;
all equal:
a=b=c;a=Bp=y=90°

Copper (Cu), silver (Ag),
sodium chloride (NaCl)

—e

z
T Y

Tetragonal P Tetragonal | X

Three axes at right angles;
two equal:
a=b#ca=p=y=90°"

White tin (Sn), rutile (TiO,),
B-spodumene (LiAISi,Og)

Three axes at right angles;
all unequal:
azb#ca=p=y=90°

Gallium (Ga), perovskite (CaTiO3)

P I
Orthorhombic
Three axes, one pair not
at right angles, of any lengths: Gypsum (CaSOy » 2H,0)
. azb#c oa=y=90"#8
Monoclinic P Monoclinic C
Three axes not at right angles,
of any lengths: Potassium chromate (K,CrO;)
azb#c a#p#y#90°
Triclinic P

9

Trigonal R (rhombohedral)

Rhombohedral: three axes equally inclined,
not at right angles; all equal:
a=b=c;a=B=y~90°

Calcite (CaCOs), arsenic (As),
bismuth (Bi)

Trigonal and hexagonal C (or P)

Hexagonal: three equal axes coplanar at
120°, fourth axis at right angles to these:
d=a=az#¢
o=f=90°y=120°

Zinc (Zn), cadmium (Cd),
quartz (SiO,) [P]

S ot caan Ay sla Joku (o an Sl o
S algS Al (oS glrasil Ll Ji S
5 Selisise Sy i)l (Jlamges,; ol
o5 St al ) ot S pn ol |y Sl
VP Egomms 10 5 Wgd o paedll Al Qi 4y 095
Gl S s Zi2 (pl )0 G an ol A

Syl 2e2g

4 Types of Unt Cell
lg,= Primitive
I = Body-Centred
F = Face-Centred
L =5ide{entred

+
7 Crystal Classes

—» 14 Bravais Lattices
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Bravais Lattices
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109 (50 i) 4wd T 4 095 (5Ll s 5l E95 (0]
Simple Cubic (SC) ool 2o -)

Body Centered Cubic (BCC 5,0 0 o31L oaSe =Y

Face centered Cubic (FCC) S 0535, 51 L S -
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volume
atoms N “tom
T unit cell 4 = (0.5a) 3
i F i Soluwod dae APF =
R=0.5a 23 l
| ‘\vqume
Unit cell ,» ,5 1) unit cell

——— (APF)s=0.52

2>l Jsw So J21 slaesl e
3>l ok o>
ko slanS JSb 4
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Body Centered Cubic (BCC 5,0 ;o o5 b aSe-Y

ot 3l b (Silued das oy o 155 caxSo 3550 5 ks 3 bagsl sl ol 550
loa 255 10 0l S g aSa 35 50 )0 03 SO (il g0 A Ay 12 50 50 LIS ek 4 ol

S e bl [, BCC sl dase sbes 5o

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

V2 a

atoms
B sl 4 volume
unit cell ™2 gn(ﬁa/4)3 S ==
APF =
a B volume
— (APF)g=0.68 unit cell
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4 atoms/unit cell:
6 facex 1/2 + 8 corners x 1/8
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Face centered Cubic (FCC) CaSe 099,80 05! b caSe -V
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25,8 a SN FCC 5L

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

atoms
WEoi: i el 4 volume
unitcell ™4 — = ({2a/4)3 =—m—
APF =
3 volume
av~ «
unit cell

(APF)gc = 0.74
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A sites
Top 1a}'el‘
C .
Middle Iayer _L B sites
Bottom layer A sites

Adapted from Fig. 3.3(a),
Callister 7e.
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z .
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(001) Plane referenced to
/ the origin at point O

¢
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a b C
1 1 a0
1/1 1/1 1/
1 1 0
1 1 0
a
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X
a b C
1/2 o8] o0
1/ 1/o0 1/
2 0 0
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Ex: {100} = (100), (010), (001), (100), (010), (001)
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Let’s go to another class
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X-ray tube
(source)

General scheme of an X-ray
diffractometer system

scintilation detector
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* The father and son team of Sir William
Henry and William Lawrence Bragg
were awarded the Nobel prize for
physics "for their services in the analysis
of crystal structure by means of Xrays”
in 1915.

sir Wiliom Henry William Lawrence * Bragg's law was an extremely important
proge (18621542 progs (18504571 discovery and formed the basis for the
whole of what is now known as

2dSing = ni. crystallography. This technique is one of
the most widely used structural analysis
techniques and plays a major role in
fields as diverse as structural biology
and materials science.

37
Faculty of Chemical & Petroleum Engineering  University Of Tabriz 37



e

)’)’%@..:To

To ) o e 18 (Ao Zao SO 9y oy ST
S (o0 @i b g Sk &b bwgi (aiS' (0 0595 5 Blo 4 a5
Bh b @lo gy ad 1500 (a9 vy (05 Blo g @ g
S b &b olal a5 (g 30 0,35 (o0 3 40 29290 b
b AL b b ad jlas zg0 3l s bl 30
0 00 S BICH b milo Blybl & 7gog 4 (S 0 j9as

ROePLy oy w4 .0g

emnO

&
_-

eMIN.O

i

0 Bmax. 1

Faculty of Chemical & Petroleum Engineering  University Of Tabriz 38



@.ﬂf

(L7
- s
TN
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_~Phase Difference = 0° Phase Difference = 90° Ampliude Phase Difference = 180°
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n2=2d.sin6
n: Order of reflectior

d: Plane spacing Tt
NI+ kT AN

0: Bragg Angle

alass ol

Path difference must be integral multiples of the wavelength
0,,=6
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e Correlates X-ray wave length, A, interplanar spacing, d, and reflection angle, 0.

eScattering atoms behave like slits in Young’s experiment

incident

reflected
angl.la &

i
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Crystal planes and Miller’s indices

» Each plane in a crystal is defined by Miller’s indices

7 z=1

h=(a/x)
k=(aly)
|=(a/z)

crystal plane normal = n =(h,k,1)

x=1
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Diffraction pattern for polycrystalline oi-iron (BCC)
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Sl axsl iy ) oslinal b Jlwy 5 sl oLols

Sl b auddd ol pien b OG5 S0 Sl andl @,85 b 0 I )5 Olxis jl odn sualie pus
Al o sl Al 3585 i b 31 s liiwl by s 45

Bravaic Latti XRD 3467 5o Lyl Sy a5 Sl 30 LT 51 Sy gt a5 Slio
ravais Lattice Sguis oo ok lie Ylazs| Sgd 03 eualie XRD 3JU
SC all None
BCC sibzed(h+k+1) (h+k +1) odd
i L >ad Sa2) b k and 1 unmixed ,
FCC e ) (sl h. k and | mixed

a a .
a a
a a
Simple cubic (P) Body-centered cubic (I) Face-centered cubic (F)
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Permitted Reflections

Simple Cubic  (100), (110), (111), (200), (210), (211),
(220), (300), (221) .........
BCC (110), (200), (211), (220), (310), (222)...
FCC (111), (200), (220), (311),(222).....
a j a | j al /\ [ [
’ ) , | a = a
a a a
Simple cubic (P) Body-centered cubic (1) Face-centered cubic (F)
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Box @uh

A=2d Sinf (1)

(2)in (1)

., 4a’sin’ @

R4+

,)

4sin”’

(h +k*+17) > (WW+kE +1")xsin” 6

| 2041y g b s 5 Sl sl usil e b

\59:5""31'-' dCubr'c: 5 az 2
\/h +k”+1
— (h™+k~+1 )——sm 6
A

(B2 + k% +12);,  (sin?6);

(hz + kz + zz)min B (Sinzg)min
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The ratio of (h? + k? + |12) derived from extinction rules
As we shall see soon the ratios of (h? + k2 + |2) is proportional to Sin26

» which can be used in the determination of the lattice type

SC 2 3 5 6 8
BCC 2 6 8
FCC 4 3 11 12
DC 8 11 16

= Note that we have to consider the ratio of only two lines to distinguish FCC and DC.

I.e. if the ratios are 3:4 then the lattice is FCC.

= But, to distinguish between SC and BCC we have to go to 7 lines!
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P ‘ oSl antl sl 5l eslial b Jes 8 sl ololes

Given the positions of the Bragg peaks we find the lattice type

example

Ratios of
Sin26*2

2

2.66

54

7.46

26—6 | Sin | Sin?6 01;‘;’;356 Ratios of Sin%*3 Wh‘;l;i‘(‘)‘:"be’

1 | 215 | 0366 | 0134 1 3

2 | 25 0422 | 0178 133 3.9 4
3| 37 060 | 0362 2.70 8.10 8
4| 4 0.707 | 0.500 3.73 11.19 11
5| 47 0.731 | 0535 4 11.98 12
6 | 58 0848 | 0719 5.37 16.10 16
7 | 68 0927 | 0859 6.41 19.23 19

10.74

Jsa 3 1) 395 oo ssalie K XRD il ;3 a5 olo aggly il o Sl §° Sloxio o] & 4297 b g (S )5 15l 00,5 Loy (sl
o) S oo lle i Jgl gy gt 4 S ) Lpgi plas aalol o g anil; 90 g 0 | 15 gy st e oS (00 35
=g W g WV AT ) wig S oy Loy olasl g 0S5 Vosae 0 Oy |y aae cpl ST L3 0Ll Jgus 4 a5 b (Jol asgly g p
S BCC Jls )8 sty e (g A g £ .5 F) ased w5, slacl g 050 ¥ sae 0 0y 81 el FCC s 5 sl o as
Sl SC Moy 5 5L e (g ¥ o ¥ oY) Gidgs a5, shacl S

12.82
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(h2 + k% + lz)i (Sinzﬁ)i

o, o

.51 o] 1N =

(hz + kz + lz)min B (Sinzg)min

SC ] 2 3 4 5 6 8
BCC 1 2 3 4 5 6 7
FCC | 4/3 8/3 11/3 | 12/3

i 2060 | Sind Sin* 6 (S;;?in
1
2
3

Faculty of Chemical & Petroleum Engineering  University Of Tabriz 50



G

B5s1 N

hﬂif?ﬁt]
100 +

Peak location (°26)

‘ sl axl g 5l oslial b i 5 sl olols ‘

:JLo

Relative Intensity

(38.43,100.0) CuKo radiation

ALUMINTUM
A =1540562 A

(44.67.46.9)

(65.02.26.4) (78.1327.9) (116.36.11.9)

(111.83.12.2)

(82.33.7.8)
(98.93 3.6) 1 L
l J l Ll ! ll_A . I . d I ' I Ll l: EFF

20 215 30 35 40 45 5 55 60 65 T 75 80 B85 90 95 100 105 110 115 120
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BT
Peak
No.

L~ AW =

20
3843
44 67
65.02
78.13
8233
98.93

111.83
116.36

‘ oSl antl s 5l eslial b iy 5 sl ololes

) d>

. |
sin- &

sin” @

sin® @

sin” @

a 3
sin” 6,

a 3
sin” 8,

sin® 6,

hki

a(A)
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Y‘Ll?).o

Peak 1 siljfé? 2 5i1j126' 3x Si{ljg
No. 20 sin’ @ Sin® @, | sin” 8, | sin” 8, | KPP | hkl | a(A)
1 3843 | 0.1083
2| 4467 | 01444
3| 6502 | 02888
4 7813 | 03972
5| 8233 | 04333
6] 9893 | 05776
71 111.83 | 06859
8 11636 | 07220
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(h* + k% + 1%); (sin*8); D> e
(hz + kz + lz)min (Sinzg)min
Peak . Silﬁljf:? 5 si1319 - 51'1,1: 8
No. 26 sin’ @ sin“ 6, | s G, | s O | P+E2+P | hkl | a(A)
1 3843 | 0.1083 1.000 2.000 3.000 3 | 111
2| 4467 | 01444 1.333 2 667 4.000 4 | 200
3l 6502 | 02888 2 667 5.333 8.000 8 | 220
4 7813 | 03972 3 667 7.333 11.000 11 | 311
5| 8233 | 04333 4.000 8.000 12.000 12 | 222
6| 9893 | 05776 5333 10.665 15.998 16 | 400
71 11183 | 06859 6.333 12.665 18.998 19 | 331
8l 11636 | 07220 6.666 13.331 19.997 20 | 420

Bravais lattice 1s Face-Centered Cubic

Simple Cubic (100

), (110), (111), (200), (210), (211), Py P B T T
(220), (300), (221) ......... — ; —
BCC (110), (200), (211), (220), (310), (222).... Fee | 3 | 4 | 8 | 1| 12
FCC (111), (200), (220), (311),(222)..... DC | 3| 8 |1 |16
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.F’ 4.[9' P

Peak sin” @ sin” @ . sin” @

No. 28 sin” @ sin’ 6, sin’ sin® 6, | Wi+ | hkl | a (A)
11 3843 0.1083 1.000 2.000 3.000 3 [ 111 | 4.0538
2| 4467 0.1444 1.333 2. 667 4.000 4 200 4.0539
3| 6502 0.2888 2.667 5333 8.000 8 220 4.0538
4 7813 0.3972 3.667 7.333 11.000 11 311 4.0538
D 82.33 0.4333 4.000 8.000 12.000 12 222 4.0538
6] 9893 0.5776 5.333 10.665 15.998 16 400 4.0541
7l 111.83 0.6859 6.333 12.665 18.998 19 331 4.0540
B 116.36 0.7220 6.666 13.331 19.997 20 | 420 | 4.0541

Average lattice parameter is 4.0539 A
A=2d Sin6

55
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R oSl aesl gl sleslaal b Js 57 ksl oLl

# 16 B Sinf Sin?8 ratio Index d
1 38.52 19.26 033 0.11 3 111 234
2 44.76 22.38 038 0.14 4 200 2.03
3 65.14 32.57 0.54 0.29 3 220 143
4 78.26 39.13 0.63 0.40 11 311 1.2
5 8247 41235 0.66 0.43 12 12 117
6 99.11 49.555 0.76 058 16 400 1.01
7 112.03 56.015 0.83 0.69 19 331 0.93
8 116.60 58.3 0.85 0.72 20 420 0.91
E 137.47 68.735 0.93 0.87 24 £53) 0.83
10 163.78 81.89 099 0.98 27 333 0.78
— T — Note that Sind canpmot be = 1 | p-====-- e -

the L )
(h"+k +[)xsm™ &

e = = - — -_

|Fmrn the ratios in column 6 we conclude the;E_::'f.if* FCC

L=
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Intensity (a.u.)

-
I
=

26 (deq.)
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XRD ).:JL‘] Sloolawl L5l SO Jogome diged 58 0,5 los

26() d(A)  (11)°100
27.42 3.25 10
31.70 2.82 100
100 45,54 1.99 60

00— 53.5h 1.71 o]

sol— 56.40 1.63 30

20l— 65.70 1.42 20
76.08 1.25 30

.ﬁn e
84.11 1.15 30

0= 89.94 1.09 5

401 I;: Intensity of the strongest peak

04—

20—

10—

0 30 a0 50 60 70 30 90

26
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XRD ).Jl;_! Joolawul b5l SO Jagome diged J8 0,5 los

(dy dy dg)e o o) o in LS

d:2.82;dy: 1.99 and dy: 163 A 1 L ol ply polie Japona digai oul ol

2k f):...i'.ﬂ YA-YAF | S g 45 0 ) e alald oo oll . XRD PP R R F L NE TR EoN

okid py Jass o B F plasl e panSST V.24 s lisTdy o YAY LT dy a8 ol o 8 ¥ hﬁjL&jT;ﬁjqu:,;u..l.]H ;8 ‘I.]"p’
| G B3|

KPR g g g -3 JT dy o5 asl = NaCl lazs a5 da a soiilia
il oo NaCl 36 Lo Jgame 56 gl b

Specimen and Intensities Substance File Number
2.8251.9952.26, 1.6151.515 1.49, 3.575 2.665 | (E1Se),Q 19-443
2.82,1.99,1.63,3.26, 1.26, 1.15, 1.41, 0.89, | NaCl 5-628
282,199,154, 1.20,1.19,2.44,5.62,4.89, | (NH,),WO,Cl, 22-65

2.82 199, 1.26,1.63,1.15,0.94, 0.89, 1.41, | (BePd)2C 18-225

Caution: It could be much more tricky if the sample is oriented or textured or your goniometer is not
calibrated
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L
E

XRD )__:JLJ }1 oola! |_: )_._....h_tJ {_g“Ltbjt! Mo L; Jﬂ.&m d;ﬂ..n..a Jlﬁ ud; I*—'*-_:—’

Pattern for Cu
ad) |11
2.088 100
1.808 46
1.278 20
1.09 17
1.0436 | 5
09038 |3
0.6293 |9
0.8083 | 8
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d(d) |11

3.01 5

247 72

213 28

209 % | 100

1.80 * |52

1.50 20

1.29 9

1.28 * |18

1.22 4

1.08 20

1.04 *

0.98

0.91

083 *

0.81 * |10
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XRD )__:JLJ }1 oola! |_: )_._....h_tJ t_gLA:bJL% Mo L; Jﬂ.&m d;ﬂ..n..a Jlﬁ LJJ)S’ IJ—_:—’

Pattern of Cu,O Remaining Lines
dd) | 1L d 1,
(A) _
3.020 g Observed | MNormalized
2.465 100 3.01 5 7
2.135 37 247 72 100
1.743 1 213 28 39
1.510 27 1.50 20 28
1.287 17 1.29 9 13
1.233 4 1.22 4 6
10674 | 2 0.98 5 7
0.9795 4
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Scherrer’s Example

Au Foil

Counts

95 95.5 96 96.5 97 975 98 98.5 99 99.5 100 100.5 101 101.5 102

2Theta
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S Scherrer’s Example

L =0.891/(BCosT,) A=154A
=0.89 x1.54 A / (0.00174 x Cos (98.25/2) )
= 1200 A

B =(98.3 - 98.2) xi/180 = 0.00174

67
Faculty of Chemical & Petroleum Engineering  University Of Tabriz



(L7
. o

RS

ool axdlcade (0 oezge SleSis ol e 50 Fae Jelge
&0l eSal elBiws wleudiss v

Jliss 55 831031

GhiySayKan v

Non-uniform Lattice Distortions

4

Faulting -

Dislocations -

Antiphase Domain Boundaries -

Frenkel defect Schottky defect Grain Surface Relaxation -
dol> Joloeo SO 40 LSeal v
ol sl g5l v
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Laue Experiment:
Single crystal

-
“

===-.+ Lauespots

“n..‘

Crystal "

Laue Pattern
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sz J0Wder or Polycrystalline Sampl
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@L Formation of a powder patter

521 o8
A ™
(@) XRB

gk

(b)

(c)
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Single crystal vs. powder XRD

Single-crystal XRD —

Advantage —
In principle you can learn everything there is to know about
the structure.

Disadvantages —

You may not have a single crystal. It is time-consuming and
difficult to orient the crystal. If more than one phase is
present, you will not necessarily realize that there is more
than one set of reflections.

73
Faculty of Chemical & Petroleum Engineering  University Of Tabriz




Single crystal vs. powder XRD

Powder XRD (XRPD) -

Disadvantage —
Inversion of the measured intensities to find the structure is

more difficult and less reliable.

Advantages —

It is usually much easier to prepare a powder sample. You are
guaranteed to see all reflections. The best way to follow
phase changes as a function of temperature, pressure, or
some other variable.

74
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e Intensity vs. 20 XRD data

Examples :

Lead (sn) - plot

(11}

L
% o (200):
s 3 1400) (331;(420) 1422,
R e (s ceva ! Wi e g . B S Sty e )
00 100 200 300 400 500 600 700 800 500 1000

Diffracrtion ancle 21
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SR 450 MRD X'Pert Diffractometer
Powder Diffraction Pattern
400 - Ground-up Egg Shells (CaCO,)
2/12/99
350
ZE‘ 300
i2
gg 250
3
~ 200
2
D150
£ H
— 100
1 ....I.MI....I....I....I....I....I....I....I

35 40 45 50 55 60 65 70 75
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- Intensity vs. 20 XRD plots
A perfect crystal I(q)
contains single planes perfect Crystal
An imperfect crystal
will show broadened
peaks. q (=2k sin 0)
Liquid or amorphous
materials will give a I Imperfect Crystal
continuous function
L q

P Liquid or Glass
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Smaller Crystals Produce Broader XRD Peaks_

INTENSITY

INTENSITY

20g
5y 1. 79




(Q@

C9F
X

‘"?L—ﬁ.

B551 s

Determination of crystallite size

Intensity

(a)

()

N

40

4]

(d)

(o)

43 44 45
20

In order to observe sharp diffraction maxima in
the PXRD pattern, the crystallites need to be of
sufficient size to ensure that slightly away from
the 26 maximum, destructive interference
occurs.

The effect of crystallite size on peak width in PXRD
(a) Instrumental broadening

(b) 1um particles

(c) 100 nm
(d) 10 nm
(e) 5nm
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Qy V XRD and Application in Polymers

Applications

Polymer Clay nanocomposites

FES LR
200 -
S Layered £
Clay g 500~
e
I'I:. 0 <
Polymer %
» / a 0
U % < / o aeganociay
Intercalated =P . 1 I H H -
Nanocomposite E:-:fnhated -
Nanocomposite Two-Theta(deat
/-kom,»mm

Figure 1. XRD diffraction pattems of organoclay (OC), NR,
SBR and EPDM nanocomposites contaning 10 phr OC,
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1)

2)

e Application in Polymers

There are a number of differences between x-ray diffraction in polymers and
metallurgical or ceramic diffraction:

Polymers are not highly absorbing to x-rays. The dominant experiment is a
transmission experiment where the x-ray beam passes through the sample.
This greatly simplifies analysis of diffraction spectra for polymers but
requires somewhat specialized diffractometer from those commonly used for
metallurgy (usually a reflection experiment).

DOC: Polymers are never 100% crystalline. XRD is a primary technique to
determine the degree of crystallinity in polymers. Synthetic polymers almost
never occur as single crystals. The diffraction pattern from polymers is
almost always either a "powder" pattern (polycrystalline) or a fiber pattern
(oriented polycrystalline).
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g Application in Polymers

(L7
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.51 o] 1N

4) Microstructure: Crystallite size in polymers is usually on the nano-scale in the
thickness direction. The size of crystallites can be determined using variants of
the Scherrer equation.

5) Orientation: Polymers, due to their long chain structure, are highly susceptible
to orientation. XRD is a primary tool for the determination of crystalline
orientation through the Hermans orientation function.

6) Polymer crystals display a relatively large number of defects in some cases.
This leads to diffraction peak broadening.

7) Polymer crystallites are very small with a large surface to volume ratio which
enhances the contribution of interfacial disorganization on the diffraction
pattern.

8) SAXS: Due to the nano-scale size of polymer crystallites, small-angle scattering
is intense in semi-crystalline polymers and a separate field of analysis based on
diffraction at angles below 6 deg. has developed .
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The main difference is that
polymer crystals can not be
formed in perfect crystals, so
single crystal are not possible.
Also, polymer crystals tend to be
of low symmetry, orthorhombic
or lower symmetry, due to the
asymmetry in bonding of the
crystalline lattice, i.e. the c-axis is
bonded by covalent bonds and
the a and b axis are bonded by
van der Waals interactions or
hydrogen bonds.

XRD of Polymers:

Bravais lattice cells

Axes and interaxial angles

Examples

X

a

Cubic P Cubic |

Cubic F

Three axes at right angles;
all equal:
a=b=c o=p=7=90°

Copper (Cu), silver (Ag),
sodium chloride (NaCl)

M A

Tetragonal P Tetragonall X

Three axes at right angles;
two equal:
a=b#c,a=B=y=90°

White tin (Sn), rutile (TiO,),
B-spodumene (LiAISi,Og)

Three axes at right angles;
all unequal:
a#zb#c a=p=y=90°

Gallium (Ga), perovskite (CaTiO3)

Orthorhomb|c

Three axes, one pair not

at right angles, of any lengths: Gypsum (CaS04 * 2H,0)
azb#c a=y=90"#p

Monoclinic P Monoclinic C
Three axes not at right angles,
of any lengths: Potassium chromate (K,CrO;)
azb#ca#p#y#90°
Triclinic P

©

Trigonal R (rhombohedral)

Rhombohedral: three axes equally inclined,

not at right angles; all equal:
a=b=ca=B=y#90°

Calcite (CaCOs), arsenic (As),
bismuth (Bi)

|

Trigonal and hexagonal C (or P)

Hexagonal: three equal axes coplanar at
120°, fourth axis at right angles to these:

ap=a=az#c¢
a=p=90° y=120°

Zinc (Zn), cadmium (Cd),
quartz (SiO,) [P]

Faculty of Chemical & Petroleum Engineering  University Of Tabriz
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) Indexing of Crystal Structures:

Several unit cells for polymers are shown
below:

PBD

Poly(ethylene adipate)
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* Lattice parameters in polymer crystals are
strongly temperature dependent as shown in
the following diagram:

LDPE

87
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= 1) Indexing of Crystal Structures:

* Polymer lattice parameters are also dependent

on strain as shown in the following diagram:

PE, drawing ratio

* Notice that the c-axis (covalent main chain bonds) is
much less dependent on thermal or mechanical strain.
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@jﬁ 1) Indexing of Crystal
Structures:

* Line widths are broad for polymer diffraction
and a substantial amorphous peak is usually
present.

Isotactic PS 89
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2) Microstructure

* With a monochromatic incident beam the diffraction pattern
from a single crystal is a sequence of spots where the Bragg

condition is met for certain orientations of crystals (see "a" in
figure below).

* As the crystallite size becomes smaller, more crystallites meet
the Bragg condition and the radial orientation of these
crystallites cover a broader spectrum of angles ("b" and "c"
below), eventually forming Debye-Scherrer powder pattern
rings ("c" below).

* If crystallite sizes approach 0.1 micron (1000A), the Debye-
Scherrer ring begins to broaden ("d" in figure below).
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o 2) Microstructure

(b)

(d)

(e)

,f"‘ Back-reflection pinhole patterns of recrystallized aluminum specimens; grain
eases in the order (a), (b), (¢), (d). Filtered copper radiation.
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2) Microstructure

* Polymer crystals are on the order of 100A in
thickness. Broadening of the diffraction lines due to
small crystallite size becomes a dominant effect and
the breadth of the diffraction lines can be used to
measure the thickness of lamellar crystals using the
Scherrer equation: 0.94

I =
Bcos(6)

Use of the Scherrer equation is a primary technique
to determine lamellar thickness in polymer
crystallites.
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3) Degree of Crystallinity (DOC)

 Polymers are never 100% crystalline since the
stereochemistry is never perfect, chains contain
defects such as branches, and crystallization is highly
rate dependent in polymers due to the high viscosity
and low transport rates in polymer melts.

A primary use of XRD in polymers is determination
of the degree of crystallinity. The DOC is determined
by integration of a 1-d XRD pattern such as that
shown below for polyethylene.

93
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e 3) Degree of Crystallinity

* The determination of the
degree of crystallinity
implies use of a two-phase
model, i.e. the sample is
composed of crystals and
amorphous and no
regions of semi-crystalline

i A
|
I ¥
o ez
. . T VIR T ) | 121
210 4 ELHR00  fid WEPAIRS ~
TR O 1 I TS A 1]
. g LoV N R ATl 920/ \ o Ll
AN A B A AN ST R PR,
30 40 50 80

Melt crystallized PE

94
Faculty of Chemical & Petroleum Engineering  University Of Tabriz



3) Degree of Crystallinity

* The integrated XRD intensity measures the
volume fraction crystallinity, ¢_.. Other
techniques such as density gradient columns
measure a mass fraction crystallinity W_.

 The two fractions are related by the density
ratios, where p_is the crystalline density, p is
the bulk sample density and pa is the
amorphous density,

Y

V. and {] _I:!""r:-)= {I_qﬁ-)lﬂd

P P
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3) Degree of Crystallinity

* |f the density of the sample is known from a
density gradient column, the weight fraction
degree of crystallinity can be obtained using:

wfzﬂf[ﬂ—pa]
plp.-p,
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@L 3) Degree of Crystallinity

* Determination of ¢c from the XRD pattern
under the 2-phase assumption involves
separation the diffraction pattern into three
parts,

e 1) Crystalline;

and

* 3) Compton Background (Incoherent
Scattering).

97
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(L7
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.51 o] 1N

 Consider the 2-d diffraction pattern. The 1-d diffraction
pattern is a line cut through this pattern as shown below:

3) Degree of Crystallinity

2-d Diffraction Patter n

_» 1-d Slice of

®/ 2-d Pattern
| \M

q

Typically diffracted intensity if plotted as a function of 28. Since the d-spacing is of interest

one might wonder why diffraction data isn't plotted as a function of sin® or 1/sin®.

This is in fact done with the use of the "scattering vector" g ors. q = 4mn/Asin(6) = 2rn/d and s

=2/\ sin(6) =1/d.
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3) Degree of Crystallinity
 The actual scattered intensity is related to a volume
integral of the diffracted peak in the 2-d pattern,

s s

Vo< [ 1(q)dV, = |4’ L(q)dg

{ {

* Then the volume fraction degree of crystallinity is given
by the ratio of the integral of the crystalline diffraction
intensity over the total coherent scattering, i.e. after
subtracting the incoherent scattering:

T@’sz(ﬂd@’
0, = 0

ch 1 1(9) = Leympin(4)|dg
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3) Degree of Crystallinity

* This procedure is called the Ruland method and is
valid for:

* 1) Random crystallite orientation (Powder pattern)
e 2) 3-d crystalline ordering
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3) Degree of Crystallinity

Samples: °

S2I(s) vs (s) for PP

Iso tactic PS
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exercise

1-Find a paper for the study of application of Xrd patern in polymers and polymer

nanocomposites, translate it.
2-Find Herman’s Orientation Function and XRD relation.
3-Some other Practice send from telegram group.
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The End
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e X-Ray interactions with an object

+ X-Ray elastic scattering is the basis for crystallographic analysis WXRD and
SAXS

+ X-Ray inelastic scattering is the basis for analytical methods such as XPS (X-ray
Photoelectron Spectroscopy), XRF, AES (Auger Electron Spectroscopy)and EDAX

(Energy Dispersive Analysis by x-ray)
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