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Structural and phase analysis( XRD)
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Part 1: X-ray
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Wilhelm Conrad Röntgen (1845-1923)
A modern radiograph of a handBertha Röntgen’s Hand 8 Nov, 1895
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با مادهXبرهمکنشهای مختلف پرتوی 

ندکمیبرخوردنمونهبهایکسپرتووقتی•
میتفرقبخشیکرده،عبورآنازبخشی

تابشوشدهجذبنیزبخشیویابد
کندمیتولیدفلوروسانس

انرژیدادندستازباتواندمیتفرق•
دباشآنبدونیاو(کامپتونتفرق)باشد

(رایلیتفرق)
چگالی،ضخامت،بهتفرقوفلورسانس•

فرودیایکسپرتوانرژیومادهترکیب
.داردبستگی
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در بدن انرژی بسیار بالابا ایکس اشعه . خارج نمی شونداشعه ایکس در ماده نفوذ می کند اما همه آنها •
یک  این انرژی به یک الکترون منتقل می شود که در. جذب می شود و انرژی اشعه ایکس آزاد می شود

.ناحیه کوچک آسیب زیادی وارد می کند

.سلول ها تأثیر می گذاردDNAاشعه ایکس بر روی •

سیب برای سطوح تشعشعی که در دندانپزشک و پزشک دریافت می شود، بدن قادر است بیشتر آ•
.های وارده را ترمیم کند

ریسک های اشعه ایکس
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X-rays

ده یک لوله خلاء از یک کاتد، یک آند، یک رشته حرارتی تشکیل ش•
.است

.می کندساطع ( -e)الکترون کاتد گرم شده •
.کیلوولت الکترون ها را به آند شتاب می دهد50~یک میدان •
الکترون ها به اتم ها برخورد می کنند و سرعتشان را کاهش می دهند و•

.نندمی کساطع « تشعشع  ترمز»یک توزیع پیوسته از طول موج ها تابش 
جه  برخی از الکترون ها باعث انتقال شدید اتمی می شوند که در نتی•

.می شودآنگستروم ایجاد 50تا 0/1اشعه ایکس با طول موج های مشخص 
به از آنجایی که عمده انرژی جنبشی الکترون ها هنگام برخورد به هدف•

وب فلز هدف را با آب خنک می کنند تا ذ، معمولا  حرارت تبدیل می شود
نشود

تولید اشعه ایکس



What are the atomic processes 
that can produce X-rays? 

(1) White radiation

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
10
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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 K, K, L, L, etc, depending 

on the specific energy levels involved.

11
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تولید اشعه ایکس

هایلایههبترپایینهایلایههایالکترونفلزاتبهبالاسرعتباهایالکترونبرخوردهنگامدر•
رامازادنرژیاپایهحالتبهالکترونهابرگشتدرهنگامشودمیبرانگیختهاتموشدهمنتقلبالاتر

کنندمیگسیلایکسپرتوصورتبه
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قسمت های مختلف طیف اشعه ایکس
ایکسعهاشپرتوفلزیهدفیکبهپرقدرتبسیارالکترونیپرتوبرخورداثردر•

Bremesstrahlung)ترمزییاپیوستهایکسپرتوهمچنینومشخصه
Radiation)شودمیتولید.

مهایاتالکترونیابربابرهمکنشدرهاالکترونتدریجیکاهشوشدنترمز•
سایکاشعهاستگوناگونموجهیطولبامادهازپرتوتابشباهمراهکهماده

کندمیتولیدراترمزییاپیوسته
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قسمت های مختلف طیف اشعه ایکس

برگردد،KترازبهMترازازچنانچهوKαآنبهبرگرددKترازبهLترازازالکترونچنانچه
طولدلیلبه)KβبهنسبتکمترانرژیوجودباKαاشعهازمعمولا.گویندمیKβآنبه

.شودمیاستفادهآنبیشترشدتسبببه(بزرگترموج

ایکسپرتو

شود؟چرا اشعه ایکس از طول موج صفر شروع نمی 
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استفاده از فیلتر

یماستفادهفیلترازاشعهاینجداسازیبرایشودمیاستفادهKαاشعهازایکساشعهآنالیزبرای
رالفمختعناصربرایمتداولفیلترهایزیرجدولکندمیحذفراهااشعهسایرفیلتراینشود

مس،عنصربهمربوطایکساشعهطیفدرKαاشعهجداسازیبرایمثالعنوانبهدهدمینشان
.شودمیاستفادهنیکلاز



Wavelengths for X-Radiation are 
Sometimes Updated

Copper

Anodes

Bearden

(1967)

Holzer et al.

(1997)

Cobalt

Anodes

Bearden

(1967)

Holzer et al.

(1997)

Cu K1 1.54056Å 1.540598 Å Co K1 1.788965Å 1.789010 Å

Cu K2 1.54439Å 1.544426 Å Co K2 1.792850Å 1.792900 Å

Cu K 1.39220Å 1.392250 Å Co K 1.62079Å 1.620830 Å

Molybdenum

Anodes

Chromium

Anodes

Mo K1 0.709300Å 0.709319 Å Cr K1 2.28970Å 2.289760 Å

Mo K2 0.713590Å 0.713609 Å Cr K2 2.293606Å 2.293663 Å

Mo K 0.632288Å 0.632305 Å Cr K 2.08487Å 2.084920 Å

• 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 Hölzer et al. Phys. Rev. A 56 (1997)
• Has your XRD analysis software been updated?

16
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Part 2: The crystal structure of the material
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شبکه های کریستالی
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شبکه های کریستالی



20Faculty of Chemical & Petroleum Engineering     University Of Tabriz

شبکه های کریستالی
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Bravais Lattices
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Bravais Lattices
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صفحات بلوری
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صفحات بلوری

درمختلفجهاتوصفحاتموقعیتتعیینبرای
روشیکازمی توانکریستالیشبکههر

مککبهعملاینوکرداستفادهشدهاستاندارد
کیکردنمشخص).می گیردانجاممیلراندیس
ازهکایصفحهیعنیکریستالوگرافیصفحه
شدهتشکیلشبکهیکاتم3حداقلتعداد

(استمیلراندیسفرممعنای
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صفحات بلوری



32Faculty of Chemical & Petroleum Engineering     University Of Tabriz



33Faculty of Chemical & Petroleum Engineering     University Of Tabriz



34Faculty of Chemical & Petroleum Engineering     University Of Tabriz

Let’s go to another class
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Part 3: Bragg’s Law
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1 2

PC and software

x-ray tube

(source) scintilation detector

Sample
2q

q

Sample

General scheme of an X-ray 
diffractometer system

بینزاویه2θاشکالایندر

یدهپراشوشدهتابیدهxپرتوهای

تهگفپراشزاویهآنبهکهاست

شودمی



Bragg’s Law
• 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.

• Bragg's law was an extremely important 
discovery and formed the basis for the 
whole of what is now known as 
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.

William Lawrence
Bragg (1890-1971)

Sir William Henry
Bragg (1862-1942) 

37
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موجازبخشیدهیمقرارمانعیموجیکپیشرویمسیردراگر
شودمیجذبیاوبازتابمانعتوسطکند،میبرخوردمانعبهکه

کافشیامانعهایلبهازدیگر،بخشیورسدنمیمانعپشتبهو
شکافیامانعابعادکهصورتیدر.گذردمیآن،درموجودهای

هاشکافیاهالبهازکهموجازبخشیباشد،موجطولحدوددر
میگستردهشکافیامانعاطرافبهوضوحبهکند،میعبور
.گویندپراشپدیدهاینبه.شود

پدیده  تفرق یا پراش
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(Bragg’s Law)قانون براگ 

a:ثابت شبکه

n:ضریب بازتاب است و می توان آن را یک در نظر گرفت
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اشعه ایکس در اثر برخورد با صفحات بلوری پراش می شود

•Correlates X-ray wave length, l, interplanar spacing, d, and reflection angle, q.

•Scattering atoms behave like slits in Young’s experiment
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Crystal planes and Miller’s indices

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

 

 

 

 l)k,(h,   n   normal plane crystal

z/al

y/ak

x/ah











x

y

z

y=1

x=1

z=1
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هر ماده الگوی پراش منحصر به فرد مخصوص به خود ماده را داشته که مانند اثر انگشت می ماند
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Ratios of 
Sin2θ*2

2

2.66

5.4

7.46

8

10.74

12.82
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Part 4: Scherer's Equation
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Scherrer’s Example

98.25 (400)
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Scherrer’s Example

BB
L

q

l

cos

89.0


L = 0.89λ / (B Cos θB) λ = 1.54 Ǻ

= 0.89 x1.54 Ǻ / ( 0.00174 x Cos (98.25/ 2 ) ) 
= 1200 Ǻ

B = (98.3 - 98.2) xπ/180 = 0.00174

67
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Laue Experiment:
Single crystal

Laue Pattern

70

Single Crystal or Polycrystalline?
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Powder or Polycrystalline Sample

71
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Formation of a powder pattern

72
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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
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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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Intensity vs. 2q XRD data
• Examples :

Lead (sn) - plot

75
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Intensity vs. 2q XRD plots

• A perfect crystal 
contains single planes 

• An imperfect crystal 
will show broadened 
peaks.

• Liquid or amorphous 
materials will give a 
continuous function



Smaller Crystals Produce Broader XRD Peaks

79
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Determination of crystallite size

The effect of crystallite size on peak width in PXRD

(a) Instrumental broadening

(b) 1m particles

(c) 100 nm

(d) 10 nm

(e) 5 nm

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 2ϴ maximum, destructive interference 
occurs.
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Part 5: 
Application For Polymers
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XRD and Application in Polymers

Applications
Polymer Clay nanocomposites
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Application in Polymers
 There are a number of differences between x-ray diffraction in polymers and

metallurgical or ceramic diffraction:

1) 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).

2) 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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Application in Polymers

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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XRD of Polymers:

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.   
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1) Indexing of Crystal Structures: 

Several unit cells  for polymers are shown 
below:

Nylon 66

Poly(ethylene adipate)

PBD



• Lattice parameters in polymer crystals  are  
strongly  temperature dependent as  shown in 
the following diagram:

87

LDPE
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1) Indexing of Crystal Structures: 
• Polymer lattice parameters are also dependent 

on strain as shown in the following diagram:

• Notice that the c-axis (covalent main chain bonds) is 
much less dependent on thermal or mechanical strain.

88

PE, drawing ratio
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1) Indexing of Crystal 
Structures: 

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

89Isotactic PS
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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 (1000Å), the Debye-
Scherrer ring begins to broaden ("d" in figure below).

90
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2) Microstructure

91
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2) Microstructure
• Polymer crystals are on the order of 100Å 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:

• Use of the Scherrer equation is a primary technique 
to determine lamellar thickness in polymer 
crystallites.

92
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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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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 
organization.  

94

Melt crystallized PE
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3) Degree of Crystallinity
• The integrated XRD intensity measures the 

volume fraction crystallinity, φc.  Other 
techniques such as density gradient columns 
measure a  mass  fraction crystallinity Ψc.

• The  two fractions  are related by the  density 
ratios, where  ρc is the crystalline density, ρ is 
the bulk sample density and ρa is the 
amorphous density,

95
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3) Degree of Crystallinity

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

96
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3) Degree of Crystallinity

• Determination of φc from  the XRD pattern 
under  the 2-phase assumption involves 
separation the diffraction pattern into three  
parts, 

• 1)  Crystalline; 

• 2) Amorphous and 

• 3) Compton Background (Incoherent 
Scattering).

97
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3) Degree of Crystallinity
• Consider  the 2-d diffraction pattern. The 1-d diffraction 

pattern is a line cut through this pattern as shown below:

98

Typically diffracted intensity if plotted as a  function of 2θ.  Since the d-spacing is of interest 
one might wonder why diffraction data  isn't  plotted as a function of sinθ or 1/sinθ. 
This is in  fact done with the use of the "scattering vector" q or s.   q = 4π/λ sin(θ) = 2π/d and s 
= 2/λ sin(θ) =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,

• 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:

99
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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) 

• 2) 3-d crystalline ordering

100
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3) Degree of Crystallinity

•Samples:

101

S2I(s) vs (s) for  PP
Iso tactic PS
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Part 6: X-pert Software
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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.

exercise



116Faculty of Chemical & Petroleum Engineering     University Of Tabriz

The End
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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)

X-Ray interactions with an object


