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FCH551: Polymer TechniquesLab

Expt. F: X-ray Diffraction
by W. T. Winter

Overview:
This experiment introduces the student to the use of x-ray diffraction methods in the study of
polymer crysta structure and morphology. Both “film’ and diffractometry methods will be used.

Objectives:

Upon completion of this experiment the sudent will be familiar with fundamentals of x-
ray diffraction by polymers and methods of data collection and analysis using both ‘film’ and
diffractometry methods. The student will be able to caculae interplanar spacings, dnw’; to
understand the relation of |attice constantsto interplanar spacings, messurement of the degree
of orientetion, f; cryddlite Sze usng the Scherrer equation and a crygtalinity fraction.

Intensity

Introduction and Background™?

a) Production of X-rays

X-rays are a form of eectromagnetic radiation with a wavelength between 0.01 and 1 nm,
where 1 nm = 10° m. (Another widely used unit is the Angstrom where 1A = 0.1 nm = 108 cm.
X rays can be produced in many ways. In the laboratory, X-rays are usualy produced by
bombarding a metd surface with high-energy dectrons traveling dong an evacuated pathway.
On impact these dectrons exchange momentum with dectrons in the metd induding inner shell
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Figure 1. Emission spectrum for a
M olybdenum target and absorption
spectrum for a Zirconium absorption

edgefilter.
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eectrons When an inner shell dectron is removed,
it replaced by an dectron from a higher-leved shl,
i.e. radiation is reeased with a specific energy
corresponding to the difference in energy leves
between the initid and find dHates of the dectron
dropping into the lower energy shdl.. Thus, CuKj,
radiation aises when an dectron in the L shel
(n=2) drops into the K shdl (n=1). In this
convention, Cu desgnates the taget metd, K
desgnates the ground date of the trandtion and
a desgnates Dn =1. Figure 1 shows typicd x-ray
emission and absorption spectra of metas.

Note the discontinuity in the absorption spectrum.
This shows that zirconium could be used as a filter
to remove high energy, continuous emissons and
the Kb emisson line of molybdenum leaving
manly Ka radiation. Such filters ae cdled
absor ption edge filters. Molybdenum and copper,
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which we shdl use, ae the mgor x-ray sources used in diffraction studies of organic and
biologicd materids. For copper, CuK, radiaion has a wavelength of 1.5418 A while CuKy, is
about 1.39 A. Nicke isthe appropriate absorption edge filter for copper.

b) Constructive Interference and Bragg's Law

For light of this wavedength, a diffraction grating would need to have a spacing of about 1
A to, perhaps, severa hundred A. A crysta, which is a periodic array of atoms or molecules in
three dimensions, can act as such a grating. In the crysa identical parts of molecules are related
by trandations dong the principle axes of a 3-dimensond lattice. This lattice is defined by 3
vectors, a, b, and c, and the intefacid angles, a, b, g, between them. The volume dement
defined by these 6 parameters is the unit cdl. Every unit cdl in a aysd has the same aomic
composition and placement as every other unit cdl and is related to every other unit cel by
trandation of the unit cdl an integrd number of times dong one or more of the principle axes. If
you could define the pogtions of the aoms within any unit cell, you would know the dructure of
the molecule and the precise way in which different molecules interact and pack with one
another.  This can be accomplished by an andyss of the intendty digtribution in the diffraction
paitern.

If you now draw a larger box containing severa unit cels in each direction, you can join
together the corners or lattice points forming planes. The geometry of diffraction from a set of
pardld planes separated by a distance, d, from one another is shown in Figure 2.

Fig 2. Geometric Construction for Bragg's Law - Condgructive Interference by
Reflection from a Set of Parallel Planes separated by a Distance 'd’

The difference in path lengths of the upper and lower raysisb + b and for congtructive
interference, this distance must be anintegra number of wavdengths, nl . Sinceb =d an (q) it
follows thet

nl =2dsn(q)
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and for first order effects | = d an(q).

¢) Miller Indices and Unit Cell Determination

The possble latice planes are named usng the method of Miller indices, h, k, and I.
Starting from any lattice point, select 3 points at distances a/h, b/k, and ¢/l from the origin, where
h,k, and | are pogtive or negative integers or zero. Joining these three points together defines the
Miller plane with indices, hkl. Note that a Miller index of 0 implies that the plane runs pardld to
that axis. You can see this by drawing planes such as 100, 110, 200 etc. Selecting adjacent
lattice points as the origin point for the process can generate a set of pardld planes, having this

(dha)? = (Wa)? + (kib)? + (I/c)?

same index. The digance, dn, een these planes Is directly rdated to the dimensons and
shape of thelattice. For arectangular, i.e. orthorhombic, lattice the rdationship is

Ingpection of this equation shows that reflections with the smdlest indices have the largest
interplanar spacings and that the spacings for the 100, 010, and 100 correspond, respectively, to
the lengths of the a, b, and c axes. At the other extreme, the maximum vaues of h, k, and | are
redricted by the fact that the Bragg equation indicates that the smalest possble observable
gacing is | /2. Each set of Miller planes gives rise to a congructive interference (dso referred
to as a spot or a reflection) in the diffraction pettern. By assigning trid indices to observed
reflections it is possble to generate a trid modd of the unit cdl parameters.  Subsequent
adjustment of those parameters by, for example, a least-squares andyss leads to a unit-cdl
mode which predicts al of the observed spacings with minima difference between the observed
and calculated values of the d-spacings.
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Fig 3. Illustration of Planes and Their Miller Indices on a Rectangular 2-Dimensional
Lattice
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d) Crystallite Sze

In generd, the larger a cryddline doman is, the sharper the resulting Bragg reflection.
This means that angular width of the spot in the 2g direction is inversdy related to crystalite
sze. Scherrer proposed, in 1918, that the mean dimendon of a cryddlite in the direction
normd to the planes (hkl) was given by

L = A / (dS)s

where A is a geometry dependent proportiondity constant, that we shall take to be 1.0 and dsis
the pesk width a haf height expressad in units of s, the scaitering vector which is given by s=
2 sn g/l . A more practicd form of this equation is given in the procedure below. Polymer
cryddlite szes tend to be very smadl, often less than 10 nm. For this reason, the sample one
looks a in an x-ray diffraction experiment normaly contans a lage (> 10%) number of
cryddlites.
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Fig. 4. Crystallites Undergoing Alignment in Response to External Stresses in a Film

€) Data Collection

Diffraction Data is collected in two very different ways. The fird uses photographic
films, imaging plaies or CCD devices too directly record an image in two dimensons.  The
geometry of this fird experiment is shown in Figure 5. The collimated, Ky, filtered radiaion
passes through the sample but is blocked from the film or imaging plate by a lead beamstop. The
diffracted beams expose the entire film or plate and dl data are collected smultaneoudy over a
duitable time period — ranging from severad minutes to severd hours.  In this experiment it is
important to know the exact disance from the specimen to the film/imaging plate. Typicdly, the
sample is dusted with a cdibrant such as sodium fluoride (d = 2.319 A) or calcite d = 3.029 A).
The measured radius, x, of the cdibration ring can be used to determine the film to specimen
distance from the relation

x/r =tan (2Qtalib)
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where r is the film to specimen distance, and Ctaip is cdculated from the d spacing of the
cdibrant material using the Bragg relation for firs order diffraction. Once r is determined the
same vaue applies to the specimen under test, since the calibrant powder was dusted on its
surfaces.
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Fig. 5. Geometry of afiber diffraction experiment using a photographic film/imaging plate.

Alterndively one can use a suitable photon counter such as a proportionad counter,
scintillation counter etc. moving on an arc of a circle in a horizonta plane and centered on the
intersection of the incident x-ray beam with the specimen. This geometry is shown in Figure 6.
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Fig. 6. Geometry of the X-ray diffractometry experiment

In samdl molecule, powder diffractometry, the sample rotates through an angle, g, while the
counter moves through an angle, 2gand the data is collected in reflection. This synchronized
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motion preserves the geometry shown in Figure 2 throughout the data collection process. In
polymer sudies it is more common to work in transmisson and the sample days in a fixed
position while the counter records the diffracted intendty as a function of 2jor the detector stays
a fixed 29

f. Degree of Crystallinity
Red diffraction patterns, such as those shown for polyethylene, in Figure 7, show

relatively sharp rings or spots for diffraction from cryddline regions and thick, diffuse rings for
x-ray scattering from non-crystaline or amorphous domains.

Fig. 7. X-ray diffraction paiterns of unoriented
Polyethylene, l€ft) crystaline and right) non
cryddline.

Theory predicts that the totd intendty of x-rays scattered by a given materid is independent of
the date of order. This suggests that if one could partition the scattering into scattering arisng
from the cryddline component and scatering arisng from the amorphous component, it would
be possble to measure the mass fraction of crysaline materid i.e. the degree of cryddlinity. In
practice this is a very complex process due to a number of factors such as disorder within the
cayddline phase, therma vibrations of atoms, and our inability to measure the complete
scattering profile from O - 180° in g. Ruland, in 1961, proposed a method for achieving this
patitioning.>  More commonly, approximate, cdibrated methods of measuring crystalinity,we,

are employed where
WC = |C/ (Ic+ Kla)

0. Crystallite size determination

The theory of x-ray scattering can be used to show that the condructive interference or
reflection associated with each Miller index should be apoint if the crystd islarge.

Safety Statement:
X-raysare aform of high-energy ionizing radiation and are capable of causing severe
tissue damage. The X-ray source that you are using has a protective shutter system, which
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protects the user from accidenta exposure to the beam. The ingtructor will assist you with dll
sample manipulations and mounting. No student should attempt to open the doors on the
experiment chamber, except under the explicit indruction of the indtructor. Failure to obey this
regulation may result in damage to the equipment and/or injury to the student. No experiments
are to be conducted without an approved operator present.

Equipment:

The experiment is written for use with a rotating anode X-ray generator such as the
Rigaku RU200, however any X-ray generator may be used if exposure times are adjusted. A
Molecular Dynamics imaging phosphor is used to collect 2-dimendond data, dthough X-ray
film could be substituted.  Sodium fluoride powder, d = 2.319 A, is used as the calibrant and
should be dusted lightly on each specimen using afine artist’ s paintbrush.

Experimental:

The sample we useis the strap from a 6-pack. Thisis made of polyethylene. Cut two
pieces each about 4 x 15 mm from the strap. One piece should be tightly clamped in the film
mount for the diffractometer. The gap should be about 5mm, note its value. The second piece
should be dusted with NaF and fastened in front of the collimator in the flatfilm camera

1. Typica operating settings are Kv= 120, mA =50. All operation of the generator and
the diffractometer should be through the computer interface.

2. Make suredl shutters are closed; turn the safety interlock key first clockwise and
then counterclockwise. A red light should come on in the interlock box dong with an
unpleasant high-pitched beep. Y ou can now open the diding doorsto the sample
chamber.

3. Mount theflat film camera on its track, then add the beam stop unit and then clamp
the imaging plate o that it stands verticdly directly behind the beam stop. The plate
should beingde alight tight bag. Expose for about 1 h.

4. Mount the film clamp in the fiber specimen unit on the right hand sde
(diffractometer).

5. Check the dits, horizontal opening should be smdl 0.5 or 1.0 mm verticd opening

should be large, 2.0+ mm.

Close the diding doors, firg the Ieft and then theright. The darm should go off.

Open theleft shutter by pushing its toggle switch up. Note the time.

Run a 2q scan from 3 to 50 degrees at 10 degrees/ minute.

Examine the scan using the chart program and determine the position of maximum

intengty.

10. Runab scan a 100 deg/minute with 2q set a the maximum value observed in step 9.

11. Close the l€eft shutter and open the diding doors as above.

12. Use the threaded rods to stretch the clamped sample by 2 mm, then 5mm, 5mm and
findly to full extenson.

13. For each stretch in step 12 repeat the b scan described in step 10.

14. After atotd exposure of at leest 1 h remove the imaging plate, read it and print the
diffraction pattern. Erase the plate and repest the experiment using the fully stretched
polyethylene.

15. Also, repeat the 2q scan for the fully stretched sample.

© o NS
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16. Plot each 2q scan on a separate sheet. Y ou will probably haveto plot it a 2 different
y —axisscalesto see dl of the data.

17. Plot dl of the beta scans on asingle shedt.

18. Remove the second image plate, shut down the generator and process the image plate.

Analysis:

The firg step in measuring the diffraction pattern is to determine its exact center. Remember
that the spots are symmetrically arranged about the true center.  You might dso recdl from
geometry that the radius of a circle passes through the center as does the perpendicular bisector
of achord of acircle. Locate and mark the center of the diffraction pattern.

1. d-Spacings

where

d=| /ZS'n(qth

| =1.5418 Afor CuKa radiation

For the film data, samples were dusted with a cdibrant whose innermost d-spacing is
shown in the table below. Cdculae geaib and use this to determine the film to specimen distance,
r, given that

where x is the radius of the cdibration ring. Since the cdibrant was dusted on your

X/r = tan (2 Qealib)

sanple, this is the digance from the specimen to the film or plate on which the data was
collected.

Materia Cdib spacing (A)
NaF 2.319
Cdcite 3.029

Use the cadculated value of r to and the individualy measured spot radii, %k , determine tan (2
Xnki /r = tan (2 gnw ) for each of the gpots (reflections) in the pattern and present your resultsin a
table. Perhaps a spreadsheet might be a good way to do this calculation.

Compare the vadues obtained by anayss of the film data with those obtained from the pesk
postions in the diffractometer traces. The diffractometer traces, which extend from 05° to 40-
60°, are plots of intengity vs 2 q in degrees.

2. Lattice congtants
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Vg = (Ha) + (K3Ib?) + (PP

The equation shown above is for the specid case of an orthorhombic unit-cdl, i.e. a rectangular
solid where dl faces are perpendicular to one another. Similar equations exist for other crysd
shapes (classes) and may be found in most standard textbooks on x-ray diffraction.

Use this equaion to asdgn indices to the measured maxima in your polyethylene patterns
assuming that you have the orthorhbic crystd form of polyethylene. Keep in mind that in
diffraction patterns of oriented materids, reflections which fdl on the equaior have Miller
indices of the type hkO, those on the layers above (or below) the equator are hk1 then hk2 etc.

Given the polyethylene lattice constants of a = 7.46, b = 4.94 and ¢ = 254 A calculate the &

gacings for dl equatorid reflections out to hkO = 220 and assgn indices to the pesks you
measured in your patterns.

3. Preferred orientation | f.

f=(3<cos? f >-1)/2

Method 1:

For our purposes, use a protractor to measure the spread around the gércumference for one of
the equatorid reflections in the diffraction pattern of the oriented (Stretched) sample. We shdl
assume that

<cos’ f >=cos* f

Comment on the changes in orientation observed as the sample was stretched.

Method 2:

Use the beta scan diffractometer traces. These were collected a a constant 2 g vdue. Mak in
the pogtions where the intengty is 50% of the maximum vaue and measure the difference in
angle across the pesk. This is the “full-width & haf-maximum intensity” or FWHM pesk width.
Use this value as the vaue of f and compute f, the degree of orientation. Compare it with the
vaue you obtain from the film plates.

Plot the degree of orientation as a function of rdative srain, O/lp. Comment on the changes that
you observe.

4. Crystallite size determination
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The Scherrer equation says that the angular width of a reflection in the 2q direction is inversdy
related to the thickness of the crysad in a direction perpendicular to its Miller planes

Spedificaly,

044
Foos &

Where t is the thickness of the particle in the direction perpendicular to the hkl planes and in the
same units as the wavelength, |, B is a constlant which we shal assume to be one (it generdly
liesintherange 0.9 to 1.0). and q, actudly gnki, isthe Bragg angle for the hkl planes.

Cdculate the cryddlite sze for the ungretched and maximaly sretiched samples.  Comment on
the number of crygalites which might be in the beam assuming a collimator of 100 micrometers
diameter and a film thickness of 4mil (0.004 in).

5. Degree of Crystallinity
Use the gpproximate relation

W= Ie/(lc+ Kly)

Where K = 0.884 and the range of intensitiesis 10 —32 degreesin 2q.*

6.Molecular Structure Determination

We will not atempt molecular Sructure determingtion in this exercise.  In fact, most
polymer scientits who use x-ray diffraction are not in the business of determining dructures.
Instead they useit for identification purposes and to sudy morphology as you have today.
However, if you wished to determine a dtructure, you would have to messure the rdative
intengties of dl of the obsarvable diffraction maxima in the pattern.  The intendty of each
reflection or maxima has contributions from every atom in the unit cdl and it depends upon the
position of that atom and its “atomic scattering power”. In xray the scattering power is related
to the aomic number of the dement and the angle a which the beam scatters relaive to the
transmitted beam direction. The two important equations here are:

Ly =|Foul -LP-A

Which says that the intengty, ki, is proportiond to the square of the magnitude of the scattering
vector, Frx. Secondly the scattering factor, Fn is given by

ddams

Fpen= Efm eXp[2” iy Ry, + EZU))]

J=l

where f{ is the atomic scattering factor for the j’th atom, located at fractiona coordinates x, Vi, Z
in the unit cell, hkl are the Miller indices of the reflection and i is the quantity (-1)Y2.
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Questions:

1. If these experiments were repeated using molybdenum radiation, | = 0.79 A, how would the
data change, and how would the results change? Would the maximum number of potentidly
measurable data change?

2. Why can't we do single cryst measurements on polymers?

3. What physica properties are likely to map into orientation and crystdlinity changes?

Internet Reference Sites on Polymer Diffraction:

1

http:/Amww.chemcomp.com/festure/diffr.ntm - deds with dmulaing diffraction petterns
in acomputer program caled MOE.

http://mwww.esf.edu/faculty/chel/educate/fch796-xry.ntml - notes from a 1 credit course in
x-ray diffraction a SUNY-ESF (only available from on campus computers - esf.edu or
syr.edu

Bragg'sLaw - http://www.journey.sunysh.edu/ProjectJava/Bragg/home.html

Unit Cdl and Atomic Pogtions—
http://Amww kri.phys k.uni- muenchen.de/crysta /teaching/mod2.html

Scherrer  Equation:  http://Aww.rigeku.com/amialdocgQ03.html and a derivation of it
http://finanz.math.tu-graz.ac.at/~kainhofer/Physics/Scherrer/

http://www.geol .uni-erlangen.de/vigm/bib/Nottinghanvo08html - discusses  different results
obtained from different functions describing crysdlite sze.

http://www.phys.vt.edu/~graupner/5555/11-4.pdf - line broadening relaied to crysalite sze and
to gran

Structure Factors - http://mww-structure.llnl .gov/Xray/comp/strufac.htm
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