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| ABSTRACT

‘A.meansnfOr.colloidal sOiution'éharactériza$i0n_Was sought in
order to describe changés in the'wétting_propertiesOfﬂmetalhydro-

| 4
sols with solution age and concentration. The size of the hydrosol
particles was selected as a parameter which would depict the chan-gjefs*
in the age and constitueﬁnt concentration of the solutions. The

technique of small angle x-ray scattering was applied to determining

the in sol particle size distributions. The experimental and

analytical détails-o£ the technique were verified by determining
size distributions of colloidal particles which had been previous-
1y determined elsewhere.

Three hydrosols were studied: A series of chromium hydrosols
was prepared with different concentrations of the constituents,
No data were obtained due to insufficient scattered intens ity. A
stannous-stannic hydrosol was studied as a function of solution
age. The results of this study show that a large number of very
émﬂll_particlgs%(<hoﬁ).aregpresemt i;fthe hydroééigéiangﬁwith:
a smaller number of laxgerhparticles-(>h58). As the solution ages,
the size-offtheelarger:partigl;s,iS-enhanced. A cerium hydrosol
was studied as a function of the concentration of the constituents.

This study shows that the particle size decreases as the solution

concentrations are incredsed, and that the distribution of sizes
tends to separate into two distinct distributions as the concentration

is increased.
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I. INTRODUCTION

During the pa;tifew years, & metallization Process has
been developed zt the destern Klectrie Engineering R;search“
S 1-4 - . .
Center, This precess, known - ag PhotoSél&@ﬁive Metal
Depdsition, or P3ML, is Qﬁegin‘Which‘mefal~iS dappsited
onto a dieleé:ﬁic subStgabe, such as a edircuit board, bnly
in thoaé‘regidns fﬁr“which,a'bonduéting~path is required,
This Process, called an additive prdéesg,has the &dvantage
over Previsus subtractive Prccesses in that there is no
copper path huild up»where ne cirecuit path is desired,
Thus, nd=wé8tefﬂi Subtractive Process 1is required to remove
the copper from regions where no path is desired,

This selECtiVe=de§cSition is.aacdmplished,*in part,
through the use ©i colloidal Soluticas which fave an-
interesting Prepercy. Whén;a Substrate is inmersed in one
of the colloidal solutions for a périod of time,»mxacokhﬁdal
particles adhere to, or sensitize, the surface of the Sub-
| . 2,5 - A
strate. Wheun this occurs, the nature of the surface
changes from non-wettable to wettable, That is, Before‘
.qensitizétion, water forms.feads‘on the surface of the syb-

uniformly, or wets the surface. Colloids having this

Property are known as wetting colloids, and are used in a

surface pretreatment Step in the PSMD Process,

"

O A e e

ik

LY ST Y N e 310 I W I o,

LY re

s Saal LI H
ki A ekl

Sy
B




T T PTPS S I g s o e 1+ e o 2 e

ilities, though., As the solutions age, there is a tendency

for thejparti@les to flocculate and Precipitate out of
solution, Also, as thefsqlution:ages, there is a gradual
change in thé.immersion time necessafy-tq sensitize &
Substrate, It is for these reasons that a technique for

solution characterization is sought. 1t is hoped that with

suitable ﬁharaétériZHtiQn of the:soiutians!,predictivemgdeh;

The particles of the:SQIUtion_may be defined by knowing

their chemical ¢ omposition, sSize, and’zdts potential (el ectro-

Phoretic mobility), For any specific colloidal solution,

sy :‘ﬁ“‘“ o v.’l .' dr_ )




changes in the soi ution concentration and age. The objective
of this work, then, is: to determine the particle siZe of

the wetting cqllOidal_particles with it understoodth&tthe

Particle sizes in solution are designatéd. Immediateiy
eliminated from ﬁansideration_are:thoSetechniques'which
can not be tsed to determine. the. &imensians of particles

in solution, 0f the remainiﬁg,teghﬁiques, the method of

small angie-x-ray.&catteriﬂg is the only techn1que capable

| Voo | ~ A BBy e e
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Scattering is selected,

methods develdped

here are téested by measuring partlcle sizes of colloids

Previously studied elsewhere, Flnally, several wetting

c01101ds are characterlzed by this technlque thezabjeet

of this work,




TI. IHEORY OF SMALL ANGLE X-RAY SCATTERING

Small,&ngie X-ray scattering is a tEChniquefWHareby
‘the sanple (in this case, the calloidalzsolution) is
irradiated by a collimatad"Xéréy beamlaﬁd the~iﬁtensity
scattered by the_sample is measured inﬁhe-solid angle
very near to the direct beam. = The scattering of radiation
‘is caused by the difference in electron density between the

colloidal particles and the suspending medium,

itional x-ray &iffraction'predicts a peak in an inten&ity
VS scatterigg angie curve for an angig Whiéh‘satisfies
Bragg's law, That.is; 1= KI 1f nd= 2d sing '
where I = scattered intensity
I = incident intensity

(o
K

attenuation factor
.

A wavelength of the.radiatian

n -

2¢ Scattering angle
d = dimension over which the electron
density fluctuates periodically
(lattice-spacing)
n = order of the diffract 10 n, assumes integer
values ”' |
Typical values for a crystallographic exaﬁination are:

o

o
A= 1.5A, 24= 3A, n= 1, Thus, 6= sin~1(1/2)= 30°., T1If 4

6.




is replaced by the dimensions of a c01101dal particle, for
example, lOOA the angle for the peak is chaﬁgEdfahd is
given by: i “ | . -

0= sinul(nA/Zd)?:Sin"l (1.5/200)

6= 0. 430

Thus, for particles of dimensions 10 to several hundred times
the wavelength of the radiation, the dlffraCtiﬁnjmﬁtémiof
interest lies within a few degrees of the incident beam.
Unfortunately, the analogy to x-ray diffragticn'may
not be extended to @éterminaﬁipn of particlesﬁzessﬁnmanot
all small angle Scattering curves exhibit peaks;{‘For this
reason, an expre s sion for the inte nsity of sc attered radiation

in terms of the particle size is developed.

General'Theory_QmeallAngieX-Ray Scattering

In the followin g development, several ass ump’tiQth will
be made. First, the atomic sQattering factors Qf1im:&mmm
of the particles are assumed:indepgndent.bf the angle of
scattering, and are given by'thg;number-oﬁ-31é¢tron§:¢ﬂthe<
atom., This assunption: is valid for small angles, Second,
‘the effects of crystal Structure are neglectedh and the

electron density is assumed to be continuous. This assumption

is also valid for small angles since the lattice effects




. to be identiéal.;g the wavelength of théaincident:paQHﬂﬁbn

The amplitude of radiation scattered by an atom of a

particle (Figure 1) in a direction defined by the unit vector,
S, is given by:
A=A f o~1(8)
J SN

AJ is the scattered am plitude, A o is the incident amplitude
fj is the-atomic'Scattering;factpr of the jth atom, and &

is the phase difference b etween the radig tion scattered from
point 0 and the atom j. From Figure 1, the phase difference :

is given as: o : : ‘

If B is defined as (21/1)(S-5 )s then the expression

for the scattered-amplitude.becOmes:
A=A f exp(-ih-0N,) (@)
J o 3§ J
The magnitude of h is equal to (4w/)X) sing, ; é
The amplitude of the radiation scatferéd by the entire
Particle is determined by summing the amplitndgs»scattered
by each atom of.the particle, Howgver, the intensicy, ;
rather than the amplitud;iof the Scattered radiation,istme.
\experimeutally measurable quantity,. The intensity of the

scattered radiation is given by the product of;theemgkhmde

8.
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and the complex conjugate of the amplitude, The Vectorial

notation may be dropped if tha average intensity from randomly
oriented.particLes iSchnSiderEd. =Thg expression for
ScatterBd inténsity as a‘funntidn of the angle»p&fameter,

h, thenﬂbacomes;

= 1 ZE ¢ g slzrhr (3)
j J

I(h) is the ma gnitude of the intensit ¥y scattered through
the angle Parameter h, The term r is the magnitude of the

vector OM . The terms f and fK are the Scattaring factbfs‘

the double Summation may be replaced with a double integral

I(h)= // Sl: hr dv dv (4)

Vol

as .

In the above, f and f are replaced Withfpn¢y and
] K k
p dv respectively, with pK, p. being the average electron
h J

density in the volume elements de, av ..
. | . 3

The expressicen for intensity may be simpliﬁie&lhy
introducing a function which relates the size of the particle-
to the product p p . This function is known as the single

J K
Particle characteristic function, Yo(r). The product

p pJ is replacedby'327o(r), with an accompanying change in
K | _ | |

the limits of integration. y (r) is formally defined as
0
| 9.




the plODabllltJ that a point located a distance r f*omh
another point in the partlcle W1ll itself lie in the
particle, The.substltutlon of p fo(r) for p pk then allows
integration over all space. The attgndant-ch&gges in the

form of thg.exprgssidn‘Yield the followiﬁg}

0

H)= 0% v f dnrty () SiRAx ar (5)
O T

O

The form of the fungtiﬁﬁ Y (r) for various particle
0 o
sizes and shapes has been determined.g The function may
most easilyﬁbc“détermiﬁEd-by considering two identical
Particles whose centers arE.Separated;by a.distance, r,
as inAFignfejz, The single pParticle characterlgt'c function

is then given as the fraction of the Particle volume which

is common to both particles, For spheres of radlng X,
Y ()=1 - 3/4 (r/R) + 1/16 (r/R)3,r <2R (6)
0 L]
Yo(r)==0 M _— E ‘s >2R

Thus the expr~$sidn for scattered intensity~£{om.any

from a measured curve of scattered intensity, Different
s§ize dependent Parareters can be extracted froxg experiméntal

. 9
I(h) vs h curves as follows:

10.




1. Electronic radius of gyration:

d(h?) c ,: (7)

2 Average surface to volune ratioy S/V:

©o

§/V= 1 lim h%I(h)/ j{.hzl(h)ﬂh u (8)
hrse | _ |
o

3. Average volume, <V
g s S

<V>= 232 I(o0)/ 'gf.hz?(h)¢h (9)

Each of these tﬁiee Size dep6ndenﬁ param;téré mgy:be
nanipulated to yield a particle diameter, That is, the

] % I
radius of gyration of a sphere 1is /3_/—5 of the actual particle
radius. The volume of a sphere is given as 1/67d3, so that
the diameter,:d, may be extracted from the average volunme,
Similarly, a particle diametet may be extracted from the
surface to volume ratio, '

Iﬁ order to evaluate the sizeg&épéndent parameters of
equation (7)-(9), it is necessary to make use of several
general properties of.the scattéring curves., First, the
curve in.the low angle regionlis completely described b}

the exponential approximation, I(h)=z K exp(-thgz/B). Thus,

if the intensity is measured at.angles Small/enOugh for this

11.
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approximation to be valid, then the values of intensity at
smaller angles nay be extrapolated to evalugte the intensity
at b= o, and the low angle centribution to-the two integrals
(equations 8 and 9). Tais approximation is valid up to
angles for which hr<1,8 » With r taken szs the particle radius.
Second, ‘the high angle portion of the CﬂfVé;alSQ'@pgrﬂéch?S
an.HSymptote, I(h)=Kh™", Thus, to evaluate the high angle
contributions to the integrals of equations. (8) and (9),
zanq the numerator Gféequatign (g){ it isgnECESSemY'ﬁhly'tg
thain-data.iﬁtd‘the region where this app;okimaticn is
valid., This approximaticn is generally valid for hr>8,
The last point which §h0uld'be:@ent10ned is that the size
dependent parameters depend on the ratios of quantities
obtainable from the scattering curve. For this reason, it
is the sheape Qf the scattering curve, rather than the

absolute intensity, that is of interest in obtaining size
parameters,
Of the three methods for obtaining size parameters

(equaticens 7-9), the most di rect method is to use equation 7.

A plot o1 Inlkh) vs h? will yileld a straight line as h

~8Pproaches zero, and the particle size may be quickly

obtained from the slape of this line. The other two tech-
niques, although useful, involve measurements of two
quantities with the size dependent parameter taken as the

ratio of these quantities,

12,




assumptions, regarding the shape of th

distribution of sizes is 10t accessibl

Unfortunatély, there is one problem associated with

using any one of the three,eQuations (equations 7-9) to

obtain particle Siﬁésw Fer all but a very few collnids,

the average diametérs which result from the manipulations

of the three size d ependent parameters will not be consistent.

Thi S incons 1s Cency arices since t h e expression for lnt ensity

is based on a single particle or a group of identicszl

Particles as the scatterer. If a system of identical

particles is studied, the diameters will be consiStent. TIf

the particles are of dif ferent sigz es, then the size parameters

19
measured‘Will represent différentiy Weighted»aVéTagﬁs over

the range of sizes.

The most useful size informztion is the distribu«ion

oﬁ?particleAdiaméters,'rathan than single, weighted para-

meters. It is with this in mind that the theory is applied

to polydisperse systems, systems éompfisedaaf particles of

a range of sizes,

Theory Fcr quy@isggrsgd Systems

In this discussion, the shape of the particles will be

assumed spherical, This will allow substiputiOn of the

particle characteristic'functian, Yo(r), for spheres into

equation (5) to yield a direct expressioéon for Scattered

intensity. This 1imitation.is~necessary since without some
€ particles, the

e by small angle

13.




| 9
Xx-ray scattering, By Sﬁb£tituting~theseharacteristic

ticn fOr'SphereS into equation (5) and integrat1381 an

exXpression for the;intensity,ecattered by a manqﬁisperSe
Bystem of spheres of radius R 1is given as,

_2_1[ J (hR)-‘ 2 | :
I (h)= 2 3/2 (10)
R 32 |
(hR) N

i

2
rsin hR-hR cos hR
| 3
(hR)

]
\O

o

In the expression, .g/z(hR) is the Bessel funetion of
the first kind of order 3/2, and r.e-d;u‘-efe;s‘ to the ﬁrigo_n‘ometri_c
functions given. A plot of this function for spheres of
radius SOA,iS shqwn.iﬁ curve (aj of Figure 3, It should
again be mentioned that, to determine partiele“sizesm the
shape o0f the scatterlng curve is icportant rather than.the
intensity values: The intensmty velucs depend linearly on
the number of partlcles and on the square of the electron
den81t; dlfference between the particle and theﬁsuspendlngc
medlum but the shape of the curve depends only on the
partlcle size.

qu a grqpp qf particles of a:distkibUtiQH of SiZeS,
the ;ntensity reeetded.at an angle h will be giteqby,%l

I(h)= K ]IRch)p(R)dR | (11)

o)

14. -
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;Since~the dependence on intensity is linear with respect

to the number of particles. Here, I (h) is given by
equation (10), and p(R) is the distribution of radii., A

typical curve is preseénted in curve (b) of Figure 3 for the

(b) of Figurg 3) are the disappearance'0f=ggaks and the
Sh%FPET drop in iﬁﬁehSity of the polydispersed system;€

Tﬁe:pxoblgm:of datefmiqing=the distribution of diameters
fram-g.sggtperingcqrye.such as in curve (b);qf Figure 3 is
hppeiesSly ambigpbus'withaut imposing the shape aSSumptiﬁn,
as has been mEntionedg‘Théireason for this is that the form
of an inte ns:Lty vs scattering angleée curve fora monodispersed
sol of ellipséids, fpr-examgle? canibe.Shoyn-to be almost
identlca 1 to a poly dlS persed sy S te m of s pher es . 'I'he Vd.lldlty
of.agy size distribgtiqn detérmigation is the-immédia?g;y
limitgd to the‘validityibf th;&hape assumption., H§weVer;
by making thg a&Sumption of spherical~particles;fﬂ&yp&ﬁﬁcle
size distribution is, in Principle, accessi§1e by the tech-
nique of smail angle x-:ay-séattering.

Thére are a variety of techniéues which have bezn
developed to perform the deconvoiution of the scattering

curve to yield the particle size distribution., The general

methods will only be enumerated here, but are described in

more detail in Appendix I, Also presented in this appendix 

- 1s a comparison of the resuits of each techanique on a series
15.
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of theoretical scattering curves representing varicus

]

distributions fo r the purpose oif s electing the most appllcable

technique.

1.

3.

)
An integral transform of the expression for
scattered intensity may be manipulated to yield

| h | 11-14
a dilrect expression fer the size distribution
such as is in the insert of Figure 3.
The experdimental scattering ecurve is compared to
various theoretical curves representing different
distributions, and the distribution of sizes is

‘ 15

deduced from the theoretical curve of best fir.
The shape of the distribution is assumed to fit
to a Maxwellian distribution (see the &ppendix
tor the mathematical expression of this distri-

i5
bution). With the additional assumption that

'approximatign (equation 7), the integration of an

4.

equation such as equation (11) may be performed
directly., This yields an intensity exﬁresSan
in terms of variables which define‘phe<ﬁ3ttnmtim1
and suitable graphical manipulation of the data

will yield the distribution variables,

‘The data is Plotted as 1n(I) vs h2, as is suggested

by equation (7)., A Piot such as this is known

as a Guinier piot, and the slope of this plot is

16.
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shown to depend 6n the particle size. The

technique for determining the size distribution
performs a reconstruction of the plot by successive:
straight lings-lhe slopes of the straight lines
determine particle sizes and thie number of
~particles of & given size depends on the "’-i*nte,_ré:ept
of the corresponding line,

On the basis of the comparison of the tachnigues in
the appenﬂixi‘seyera1,¢0£clusions were made, The'bESt”
tecanique is the method of integral transforms method 1,
The accuracy of the results and the time required to analyze
a curve are better than any afhef«techﬁiQue. However, this
technique is valid aniy if data is aCCessibléerll into the
high angle asynptotic region, whiﬁh,is:not.@lways the ocase
in an expérimgnﬁ. In tae event that the daca does not
extend into the asymptotic region, a graphical tGChnigue
must be used with.attendaﬁt loss 1inp pr&CiSiﬁﬁ‘u ﬁf thé
graphical techniques, the third technique is ﬁhe mos t
accurate,

In summary, then, the size distribucion may be deter-
mined f:om the experimental écattering curve, The problem,

of determining the sizes of particles is then reduced to

~obtaining the Intensity of scattered radiation as a function

of the scattering angle.

17,




IIT. EXPERIMENTAL ASPECTS

A, ‘Apparatus

The requirerents imgdsed on the apparatus to measure
the small angle scattering curve are somewhat similar to
the recquiremente for any diffraction exreriment. However,
fhg_degree to which these requirements_are satisfied is more
griticaiitq the outcome of the experiment an&, eventually,
to the infornatiorn obtained about the sauple than in normal
diffraction studies.

| | 7 |

The general requirements which should be attended to-
in a small angle x-ray scattering study ars a beam of high
but cnnStant'intensity, monochromatic radiaticn, a non-
divergent beam,'and uﬁif@fmkintensity across the beam. The
higr intensity is required since for most samples the intensi ty
must be messured over several orders of magnitude of intensity.
If the incident intensity is not high, then the tail of the
scattering curve (the high angle asymptotic region) may lie
below the 1oise level of the system and be inaccessible to
experiment, The requirement of monochromatic radiation is
imposed since all the equations derived have been based
upon h avin g a2 single wavelength of radiation. If the effécts
of white radiation are cons idefed , the equations will become
much more complex and unwieldly. The divergence of the

beam is important since the range of angles of a typical

experinent is much smaller than the rangezfaxra diffraction

18. - )




pattern, Hence the beam must be of dimensions and resolution

scale, The uniformity of the‘beamzisfréﬁuired to simplify
the technique of remeoving the effects of collimation smearing.
Collimation smearing arises since; for any beam of finite

dimensions, the intensity | recorded at an apparent scattering
angle is actually the sum of inteénsities scattered through
a range of angles, This effectrwillﬁbﬁ.ﬂi&tusaediin more

detail later in this section,

égparatue

The exper imental apparatus consists of an X=ray generatlon
system, a collination system and goniometer; and a detector °
system. A schematic of the equipmen:t is presented in Figure k.

The x-ray generating system consists of a GE XRD T00
system, and a Siemens X-ray tube and tube &gtand, ﬂhekﬁfXRD
700 system is comprised cf a high vcltage transformer, a
voltage s;abilizer,.and-ajelagea 1o¢p-heat.exehanger for
cooling the x-ray tube anode. The collimation system and
gonioneter ueedzis 2 Kratky small angle x-ray camera. The
gonicmeter 1s controlled by means of a ﬁigital Automatic
Model 500 contralier. During experiments, the collimation
system is evacuated with aan Extractcr HV-6 vacuum pump. The
detector system consists of a GE SFG 8 counter tube, a DAC
Model 210 preamplifier, andva’DAG.Model ZOd Spectrometer.

The spectrometer consists of an acmplifier, scaler, ratemeter,

- . ‘ | 19. |




and pulse height analyzer. The output of both the spectro-
meter scaler and the gonicmeter controller is registered

through a COﬁnépIéﬁ teleﬁype,

Operation of The Apparatus

The Kratky camera is picztured in Eigure.a ard is shown
schematicaliyin Figure 6. Thé principles of operaticn of
the camera may be described byfenumerating the paths a beanm
of radiéti@n may tage-@s{;t passes through the camera, with
reference to Figure €.

A beam emanating frorw the focal spet of the x~ray tube
may strike the edge of the entrance slit, E., In this case,
it dces not enter thegcamera and 1is not of interest, A
bpeam could enter E and strike the block, B, or the bridge,
Br. If the beam strikes the edge of the block, the beam may
be scatitered due to the electron dansity diffeﬁén¢a between
the steel and air, and could conceivably be registered at
the détector. Any rediation which follcows this path is
labelled as parasitic scattering and could overshadow the

actual sample scattering. The radiation scattered by the

-block in this manner may not pass above horizontal, since it

will be zbsorbed by the bridge which is coplanaf with the
block (f£.2p) Thus, no parasitic scattering may be registered
above the axis of the camera due to parasitic scattering

from the blcck. Alternately, parasitic scattering could

20.




have an origin due to the edge of the bridge. However, this
radiation alsao is prevented from rising abéye the vertical
camera axis,; and all parasitic snattering iS, in~principlel

17 X
eliminated,

A beam may strike an air molecule at any point in the
:SyStém.énd"be‘SCattereé above the camera axis. This radia-
tion covld &lso overshadow the actuazl sanmple scattering. For
this reason, the collimator and region between sample and
detector arve evacuated, At a Pressure of 2~3.torr5 the air
Scattering is negligible.

A beam could pass through the sample and strike the
detector plane directly, fhe radiatiah which follows this
path then defines the position of unscattered (23=0°) radia~
tion, The dnteérsity of unscattered fadiatién} the dir¢Ct'
beam, varies with the vertical position in the detector plare,
and describes a trace as is pictured in Figure 6, The
centroid of this tracs is taken as the definition of 28=0°,

Finelly, thebeam;ma;-étrike a particle at the sample
plane and be scattered tﬁfuugh'&ﬂ angle, 26. The radiation
strikes the detector plane at a nosition akove the camera

- axis given by: m= a tan (29), where a is the sample to
detector d i stance (214, 5 mm) ; In other 'words, af the de,tfe-c.té-r'
slit bcs ition, the s catteriing angle | is éiven as 2@=’ tan—l(m[fa).,,._
For the range of angles normally encountered, tan(26)= 26,

so that 26=m/a, The intensity recorded at 20 is then due

entirely to the sample with no parasitic scattering or air
. 21.




scattering, in,printiﬁle, being registered, In practice,
there is always some-backgfnunﬁf1evglzwhi£ﬁ.is‘imyxmimkéto
eliminate. The bﬂc}gréunﬂ intensity is also measured as a
function of the s¢a£tering angle with mo sampla prezert and
1s subtracted from the samplie scattering curve.

The widthk of the intensity profile of the direct beam

at the detector plane is increased as the width of the entrance
s8lit is¢ dincreased. For a given slit width, theiMhﬁﬂmmzmgle
at which Sgatteréd'iﬁtgnSity'may‘be recorded is given by the
ratio m*/a., m* is the heignt above the centroid of the
direct beam at whick tha direct intensity is zero, and
increases ag the slit width increases, The angular resolution
is then decreased as the entrance slits are increased, so
that to maximize the angular resolutison, the smallest siits
should Ee used.,

The intensity of fhescattercﬁ radiation is oftén_only
a smaii fraction oi the intensity of the direct beam. It is
for this reason that *he intensity which strikes the sample

| | 17 |
sliould be as high as p?ssible. In the Xratky camera, the
shape of the beam is rectangzular, with dimensions depen&iug
on the entrance slit width and the dimensiéns of the length
delimiter slit {Figure 7). The length delimiter slit is set
at 25mm, and for a typical.entrance slit of 100y, the beam

dimensions, at the entrance s5lit will be 12,5x.10)am, or

effectively line shaped. The effective focal spot dimensions

for the x-ray tube used, (Sicmens AG Cu 40/2) at a take-cff




angle of -6° aré 7.5x.25nn. Thus, the shapes of the collimated

beam 2nd the focal sp6sc are similar, which makes poessibie
ui: ilization of a greater portion cf the total of all radiation
emitted from the x-ray tute.

As the width of the entrance slit is decreased s, the int ens:Lty
which strikes theASample is also decreased. Thus there is
a8 trade~off between intznsity and angular resclution, The
angular resolution re quirement 1¢ relaxed for smgller particles..
so that larger-entranae slits maY‘beused‘as the particle
size decreases,

The shape of the beam causes an effect knovn as colli-
mation smearing, ac has b@ﬁn-mentiéned@ This effect arises,
as shown in Figure 8, due to the finite dimensions of thé beam.
The intensity which is recorded at an épparent‘angle, 20, 1is
dctually the sum of intens?fti=c scattersed through a range of
angles betweszan zamin and zﬁaxf The intensity recorded is
then the average over this range. NDue tq thisféffect, the
experimentally‘oﬁtaiﬁéd scattaring curve is dif%erent than
the real scattering curve of the s ample, and must be corrected,
or desmeared, to yisld thc;actuél scattéring curve, Schmidt
| 18,19 | o
and various coworkers have exariined this problem and have
derived techniques for desmearing experimental curves. The
collimation smearing effec t and the techn iques for desmearing
are presented in Appendix-II.

The development of the desmearing technique in the

appendix contains an assumption that the bean is of uniform

23,
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by assuring that =2ll collimation edges are paraligl to, and
pointing at the focal spot of the x-ray tube. If the edges
are not parallel, there will be a non-uniform beam, a loss
dn angular resoluticn, and a decteaSed.intgnsity. There are
several te@hniquesﬂfer;aligning;the edges, However,
the most precise is thap:develaped«by Anderégg,‘Mardon, atid
20 |
Hendricks, which is used to check and make periodic adjust-

ments to thg alignment,

Operation of the Krestky Camera Goniometer

The scattering angle, 29, 1s given by the height of
the detector slit above the centroid of the direct beam
divided by the sample to détEQtQ% distance (214,5mm). The
position of the detector is contrelled by the goriometer
scfew, G} of Figura 5, which is, 4a turn, countrolled by
the DAC 50€¢ controller. !Ihé DAC 500 4is a unit whieh is
capable of automatic operation, and drives a motor (SL.O SYN
HS 25) which, drives the goniometer screw. The position of
the detectos:: is monitored by a shaft encoder motor (ACCH~

CODER MODEL 715) which generates pulses as the mdtor shaft

‘rotates., The pulses are recorded in the DAC 500 unit and

define the angle., The conversion between the nunber of pulses:
and the scattering angle isf 862 counts= 1 milliradian.

Operation of the X-Ray Tube

‘The x-ray tube is powered by a GE XRD 700 generator

operated at 40kV and 25mA. The generator supplies full wave
| 24,
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rectified, stabilized voltage to the tube, The anode is
water cooled by a closed loop heat exchanger which maintains
a constant anode temperature. The CuK_ radiation is eliminated

with a Ni foil inserted in tke collimator of the Kratky camera.

Operation of the Spectrometér and Counter Tube
The counter tube used is a GE SPG 8 gas proportional

counter, TIts plateau curve is shown in Fﬁgure 9. An oper-
ating voltage of 1489 volts is select ed since, at this voltage,
the count rate is insensitive to voltage fluctuations.

The pulses gernerated in the counter tube are amplified
by the DAC 210 pre amplifier and are transmitted to the DAC 200
spectromet er, The pulses are furthzsr amplified by the spectro-

meter and are sent to the scaler zcivcuilt to-be counted. The

ratemeter is not uzed to record intéensities duye to lack of

precision.

The amplitude cf the current pulses depends on the energy
23 : |
of the x-ray photons which generate the vulses. The effects

cf radiation other than the CuKa may be eliminated by counting

A

of the CuKa radiation. This is accomplished by the pulse

F

height analvzer which passes to the scalerucircuit only the
Pulses within a range of amplitudes centered about the Cu¥a
height, so that the effecté of white radiation are removed.
For the amplifier setting and counter tube +v ltage rused, the

Pulse height analyzer 1s set to pass only those pulses whose

heights are between 1,15 volts ‘and 2.00 volts (a baseline of
25.. |




1,15 vol?siwith a wincdow cf C,85 VOltSla‘

Small angle scattering curves are Qbfﬁined by placing

the sample {in liquid foru) in a capillary tube and placing
the capilllary tube in the sample hqidgr of the camera. After
alignment of the capillary parallel tc the beam, the scattering
curve is obtained by Step?ing;thg goniometer through the
angles desired, and by zotnting the number of pulses per
unit time &t each angle, There is an error associated with
 es£ablishing anfintenSitY'Qn-gﬁe basis of a given number of
counts, This expected error decreases as the number of counts
increases. For all data points taken, the minimum number of
counts to specify an inteasity was 4,500 corresponding to "
an error of 1%.

The data points are then plotted and smoolhed graph-
ically, and are then collimaticn errcr desmearcd. The curve
which is yielded by the collimation desmearing ptogram is
then the aztwuwal sanple Stattefiﬁg curve whidh is amaiyzed.

A typical ¢urve is shown in Figure (10)}.

B. Sample Preparation
Four different Qolldigé were prepzared. for.analysis.
"This section presents the method of preperation of these

samples.

1. Gold Colloid

Wwwwggiswéoiloid is preparsd by thé te;hnidue of
Turkevitch et al.24 - The size distribution of the
particles of this cclloid 1s highly reproducible,24

26.




80 this colloid is suited as a standard. Preparation
consisted ofadissolving lOmgﬁHAuCIA°3H20;in 95ml of
water and'héating the solutiog to ;hﬁ boiling<pcint.
Sml of a 1/2% sodium citrate Qolutlon (25mg citrate)
was added tec t h e b 0 ilin g solution, Aft -e r apprqxgi'm‘at-zﬁe}y
five minutes qf~boiling with vigzorous agit;ticn, bhg‘
sol ] u tion ch ange: d colors f rom a faint pink to a deep wine
reds This solution was then concentrated approximately
20 to 1 by:hﬁating in a partial wacuum and was then
mountgd in a:glasg capillary tube.

2, Chromlum HVdrosn1

"—m'—.‘“

25*L6
technique offDemQh&k and Matijevik A typical

sample was prevared by adding NaOH tha'mﬂﬁthﬁlefjufaM

Cri(304), and aging at 75°C for 21 hours. in actwal
preparation, the concentration of CrXK(S0y4)» 4ad the
amount ¢f NaGH added to the solutions were varied so

that a series of solutions could be examined,

3. Staqnous—StanHLC @Ldrosol

Two similar stanncus-st annic hydrosols were Prepared
for examination, "The first was méde by dissolviag lg
SnClq;SHZO in 100zl of HZO«# Immediately after dissol-
ution of the SnCl,, a segond addition of 2,0g of SnCloe
2H,0 was dissolved in the solution-followed immediately

-

by a third addition, 1.5g of SnCly+«2H70, The additions

were all made at room temperature uander mild agitation,
et 27. . s




§ - . - The solution thus prepared was stored; and samples
were withdrawnwpefiadiéally,
The second Qolution, calLeﬂ_themSpecial solution,
was prepared esseatially the same. lg SnCly+5H,0 was

dissolved in 100ml Hs0. However, after.dissolution of
N i -

-
K)

before

the SnClq, the.Sblution»was.ége& twenty ninutes
the secondary and tertiafy additions were made. The
sample thus prepared was stored Iin a bottla #and samples

were withdrawn periodically,

4 , | pez}um Hydroso1

et oy ey e ame . o 3

Three cerium hydrosols were prepared by dissolution
of Ce(NHy)(NO3), e xHZO'iﬁ delonized water, Oniy the
solution concentration was Véﬁied,'wiﬁﬁ concentratlicns
of 1/2%, 1%, and 4% by welght teing selected. Each
solution was allowed to stabilize one half hour before

being mounted in the Kratky camera,

28.




IV. VERIFICATION OF THE TECHNIQUE

As a test of the analyticai procedures developed in
Section II and the experimental methods of Section III, thre,'ef
"coiloidal;sqlutionsfwhose size distributions had been deter-
‘minéd elsewhere WerE'analyzed,hege.' I£iis the purpose of
this sectipn:te-present the results of the analysis maée
here and compare them with the previously determined data to
chéck the validity of theiprocedures developed here.

The colloids examinéd are two different colloidal
silica solutions and a colloidal gold solution . The
colloidal silica solutions are avai;able‘ﬁommercially from
E. I, DuPont de Nemours Co., Inc, under the trade name
Ludox®. The two ﬂifferent Ludox samples used were type TM
and type HS, eagh-having~a different particle size distrib-
ution. The colloidal gold was prepared by the technique of

24
Turkevitch, Stevenson, and Hillier outlined in Section III.

Efsultg

The scattering cutves for Ludox HS and TM and for the
colloidal gold sol areughgﬁn, plotted as log I vs log26 in
| Figures'lo, 11, and 12 re;pectively. Thése curves are
corrected for collimation error and are thus ready for
analysi.s. Since all cu}'vés extend into the asymptotic region
(the curves extend into straight iines whose slope is =4 35

4

that the intensity is proportional to h™ ), the method of

integral transforms is suitable for determining the particle

29.
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8izes, The distributions of diémeters for-..the three samples

are presented in Figures 13, 14, and 15, Also shown in

L

Figure 13 4s the distribution of diameters deducedtw'EﬁJllu

by the technique of x-ray scattering and electron microscopy.

The:diétributiOH of the diameters of the ggld‘?articles~ég

deduced by Tur kevitch 1s superimposed on Fi gure 15. Turkevitch

used the technique of electron_miproscopy to determine this

distribution. Unﬁoptnnately5 no published distribution of

dlameters for Ludox TM exlsts. The approxlimate range of the

mean size of therparticles, as determined by the«mgmihﬂygg
1s superimposed on Figure 14,

Discussion and Conclusions

A comparison of these results with the results in the
literature indicate that the agreement is remarkably good .
This agreement is taken as a v erificationof both the te_r-'_chniiqu,e,

for analysis and the calibration of the experimental apparatus.
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V. RESULTS AND ANALYSIS OF RESULTS

WINE P mpu T uan Sulr e O A RSO 4 *R OIS U P

Three hydrosols (Collﬂidslsuspan&e@ in"wa@er)?were
examined, a chromium sol, alstamnous-stannic~sai,:and.a
cerium s o_l . The tech niq ues of preparation have been presented
in Section ILII of this thesis. Each'hydrﬁsolgis similar in
the sense that the growth of the particles occurs Lﬁrough
hydrolysis:te,yiei& the celloid. These solutions, ‘then,
undergo a drop in pll 48 the particles grow. This section
presents the results and analysis of the results of the
eXaMiﬂﬁtfdnS of eaczh hydrosol,

Thie chromium gols inxtStigated here had beDnInwvunmly
25~28 .
characterized elsewhere, The gize distributiors of the

hydrosols had been de:termined by cther techniques for various

golution conceantraticns angd p“"g It:was'hOPed that, &y

using the previcus charactéerizations as a starting polnt,

the range of solution concenfrations could be extended to
nodel the wetting hydrosols of use in the PSMD process.

- Results

No particle size data could bea ootazﬁgﬁmfbf any of +the

N

cﬁ}dmium hydrosols precpared. For edach sample, the scattered

intensity was inéistinguishable from the background s0 no

analysis could be made. There are two possibliz explanations.

One possibility is that the-elegtron density differeace

between the particles and the su pendlag medlum is too low

31.




for any appreciable scattering .to be recorded. The mag-
nitude of the scattered in ten sity depende on the square of the

electron density difference, This explanation seems un=

justifiable since the particles are compri&edJOfimial;ﬂmms
and the Sﬁspenddng:me&iumuiS-Wa;er@ Thé~mbst likgly explan=
ation is that tbere are too feW‘partic1e841@rsdhﬂﬁbn:ﬂnfany
apprecizble ScaZtering, The stattered intensity degendﬁnbn
“"the nunbetr of particles irradiated, so¢ that a lowtintensity
1s expéected from azsolutionﬂwith few particles. This explan~-
ation is confirmed by the fact that, for the size of the

particles determined by Demchak and Matijevik  and the amount

3

|9

c¢f chromium in solution, few particles were present in the
solution,

Stannous-Stannic Hydrosol

This hydrosol is one of the wetting colloids used ©6

sensitize substrates for the PEMD procesa. As this solution

ages,.thére;is a gradual changé 3n‘thewraté of gubstrate
seasitization as well as an increased tendency for the
particles to flocculate and precipitates For these reasons.,
the particle size distribution of this solutio n was measured
as a functicn of solution age at room temperature to deter-

mine the nature of the7particlegrOWth.

T

S8ix samples were analyzed. The first fi ve samples were
withdrawn from a solution prepared by the standard technique

presented in Section III, These five samples were withdrawn

ragit

I3
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at varicus sclgtion ages, fhe sixth sample was taxen from
4 solution prepared by the special fcrmulaﬁion’presented

in Section III. The difference between the two solutions
is that the time between additions of the;comp@nentS'is
varied., Table (2) lists the sample numbers assigned, the
é@lntiup age when samples wereiwithdrawﬁ, gnd the solution
agedrepresented hy the.Séattering curves thainéd, Thea
dlfference between the two Sﬂlﬁticn.ages is due to the time
necessary to obtain a scattering.curve in the Kratky camera,
approximately five hecurs. For all but the fresgh samples
(samples 1 and 6), this time is~negligiblewas.cbmpared té
the solution age, Forx thé;fresh samples, though, the effect
of the time to obtaiﬂ_a,Scétteriﬁg-CUIVe~was taken dnto
account by obtaining Scattering curves from two identical
ffé&h.Samplest The first scattering curve was obtained by
measuring the intensit y first at small a ng les and iri"cr-e'tne,n.t'in.g!
to higher angles, and the second, by starting at the largest
angle and inctementing cownwards, The-rasultant scattering
curves are taken as the average of the two curves.,

The scattering curves for samples 1 through 6 are shown
in Figure (16), plotted as log T - log(26). As is evidEnt
from these plots, none of the curves extends into the high
angle asymptotic region (I=1Kﬁ’ﬁ), Fer each curve the
scattered inte n slty was not sufficient to make the asymptotic

regicn accessible. For this reason, the graphical tedﬁﬁﬂﬁe




for determining the size distribution was selected.  The
Sﬁatte:ing;cuIVes are replotted as log(I) = 10g(h2) and are
shown in Figure (17),

Analysig

The plots of the data on these samples do not resemble

the theoretical plots for any polydisperse system discussed

in Appendix I, (See Appendix I , F.‘gurecs 26 & 28). However,

1t 1s possible to envision two scattering curves whose sum
yields a plot similar to the actual data. Shown in Fi gure (18)
are two the&retical SQa;tering curves, 4d and b,éthSé sum;, ¢,
represents the Scattering curve of 3 distribution of particle
sizes givern as the sum of the distribution of nusQEzzandin
The resultant intenSity curve does resemble"actual data in
form. Furﬂher, in the develcpment of this technique for
determining size éistribUtians, Shull and Roes&s

suggest that SOme‘Scattering~curvés-must be Separated into
two distinct curves.,

In light of Figure (18) and the SwggestiunixEShuLLahdi
fRdess, each of the scattering curves of Figure (17) are N
sepératad into two sepatigé scattering curves, each of
which 1is analy zed i ndependently. A typical separation process
and analysis 1s shown in Figure (19) for the curve of sample 5.
For samples 2 through 6, analysis is similar to that of the

example and will not be shown. The curve of ‘sample 1, .tho'ugh:..,

creates problems.. No two curves were found which, on trans-




lation, form a straight line. Fort unately, aft er separati on

¥ of the curve into two components (Figure (20)) thé firét
component (large hz) does satisfy the technique. The re-
maining curve contains a number of peaks chafaefefistic.ole
'mandispersad'SOI, and, for a monodispefsedgaﬂ“ the positions
Of the peaks uay ‘r‘e uaed te determine sizes. The peak :p“‘osit'ion's

may be determined from the equation for scatte ring from mono-

dispersed sols.

s8in(hR)~ hR COq,hR)]
| he R -

This equation predicts periodic peaks and zeroes in the

scattering curve with a pesriod given by:

I(h)= C=> sin(hR)= hR cos(hR)
tan hR= hR at peak (or zero) positions
Also, t&? hR= hR er*hR@?nq‘so that the separation of the
zeroes of the scattering curve satisfies the following: |
A(hR)= 7, From Figure (20)‘,;‘. the positions at which the peaks |
occur are separated by an average h of .070 so that the
diameter of the particles is given as 452.

For each sample, then, the distribution of diametera
is given as the sum of two dis*ributions, whoée parameters
are listed in Table 3. The number of particles represente&
by each distribution may be determined by a method analogous

to techuique 4 for deterﬁining size distributions., As men-
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tioned in the development of this technique (Guinier pint

deconvolution), the intensity at 2e= 0° is glven as:
I1(0)= nCR3 (12)

with n being the number of @aytielés éf-radius R, and ¢ a
constant. Thews;me.ngic used to determine the relative
numbérs of one specific size is used to determine the number
of particles represented by one distribution, with the re~
placement of R¥ with E(R3), the expected value of R3, This
quanti ty . ¥:1 g:._ ven as the wei gh ted sgver age bel ow

® g

E(R3)= / R3 p(r) dr (13)

0

In Table 4 are listed the intensity at 0° obtained
by extrapolating each separated curve, the expected value
of d3, and the relative niumbers of particles represented by
each distribution of each curve, The reéultant'partiéle
diameter distributions for samples 1-5 are shown in Figure
(1) and for samples 1 and 6, in Figure. (22 .

As has been mentioned, only qualitative conclusions
nmay be drawn from distributions dérived by this graphical
technique ‘. There are trends wh i ch appear cons.-iisitent through-
out the .s ix samples, thbugh « By coump ér ing the dis tributions

the followipg observations can be made:

1. Each distribtution has a large number of small

particles whose distribution follows a curve of rapid
36. ’




decline. The distributions are not normalized and

the scales of each distridbution are a dj uz.f'ed to reflect
the presence 0 f the larger particles. TFor this reason,
and 8 ince the distributi ons of the smaller particles may be
derived erMmZEh e reg ion~of the scattering curve of | lOWES t
intensity, the diStributiﬂﬁ:Of'Smallﬁr.particleSIMW“be
ébnsidered-qualitaﬁively the same, '

2 The distribution of larger particles broadens with
age in reference to Figure (21).

3,  The ratio éf the number Oflsmaller‘partiﬁlés to
larger particles remains essentially constant as a
function of solution age "(Table 4), with the exception
of sample 5, For this s amp le there is a de crease in the
number of larger particles.,

4, The difference due to changing the time between
additions (sample 1 ¢ ompared to s amp le 6, Figure (22) is
that the distribution of larger particles 1s more pol&—
disperse and represents bhigger particles for the speci al

formulation,

another charadterization of th e difference between the solutions

of samples 1 and 6. This info rmnation is the difference in the

rate at which the solution pH changes as the solutions are

formulated. Since the growth of particles is caused by

hydrolysis, there is a decrease in pH as the solution ages,
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Figure (23)‘pr63éﬁt9;ajplot of the soluticnupﬂ as a function

of time for ‘the first one half hour of solution dage., On the

5 basis of this figure, there is a difference 1in the pH of the
solutions of samples 1 and 6, the pH of sample 1 being sub-
stantially lower than for sample 6 due to the earlier additions

of SnCl,+2H,0.

Cerium Hydrosol

The ceriﬁm System, a wetting colloid, was studied for
three reasons. First, the effect of thE$ﬂﬂtﬁﬁléhnmm£f&ﬂbn
may be étuﬁied‘in a more direct manner than in the nmulticom-
ponent Stamnous~8tannicfsysfem. Second, the growth of the

particles dePﬂndﬁsbn'hydrolysis, 80 that observations made.

in examining this system may suggest further studies in &
fmulticompgnenf system, Third, this system is more stable
than the stannous-stannic systems The pH of these solutions

reaches a stable value so that the effect of aging while the

Scattering curves are beilng measured is neglected,

The scattering curves for the three solutions, prepared
as mentioned in€Section ITI, are shown in Figure (24), As
with the stannous-stannic systeﬁ, data were not accessible
in the large angle asymptotic region.so that the graphical
technique was applied to determine size distributions,

Analysis was essentially the same as for the stannous~stannic ~

| system, two distributions being present for each sample, and
will not be elaborated., Table 5 lists the distribution

parameters for each sample, and Table 6 lists the deter-
38.
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mination of the relative number of particles of each dis-
tribution, The resultant distributions for these samples
are shown in Figure (25).

As before the distributions Qnesenﬁea in Flgure (25)
may be;anly qualitatively interpreted, due to the techniqge
used. The trends, though, can be enumerated,

i. The largest particle size present in solutions

decreases as the sclution concentration indreases,

2., There is an increas ing tendency for the di stribution

— to separate into two distributions as the conc enf%r-a tion
increases, Cthg: Thg apparent bimodai distribution of
lthe 1/2% solution ﬁadﬁined.ta fﬁrm;the.&iétribution

shown) .

3. The relative number of large particles decreases

as the concentration increases,
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made (SnCl 2 ) s Part of the Sn 2+ ions are oxidized to form Sn '

VI. DISCUSSION OF RESULTS

Stannous-Stannig_gzﬂrosol

On the basis pf the obser ved trends in the particle size
distributions of the s tannous=-stannic hydrosol, it is possible
to postulate a mechanism for the behavior of thiS-SﬂﬂEQw}It

should aééin be mentioned that this hydrossl is prepared by

three separate additions sy namely, a primary addition of SnCl4

Aiallawedfhy secondary and tertiary additions oijnCIz‘

The postulated mechanism for the cclloid-growth,is as
follows., First , the p rimary addition of iS::n;ZF-'- ( SnCl L dissociates

into Sn " and €1~ ions) inmediately begins to form nuclel

and particle growth ocecurs. Th is is suggested by the work o f

Johnson and Kraus who studied the growth of particles from
SaCl, solutions of the approximate concentration used here,

However; the growth of these particles is interrvpted by the

ddditions of SnClz. As the second and third dadditions are

lons, and these ioas form nuclei and begin to grow with the

sn?*; driving the pH of the soluticn lower, The hydrolysis
| S a1
reaction is pH dependent and slows due to the decrease in

PH (see Figuré 23, curve (a)), The particle size distrib-

ution of sample 1 (Figure 22) suggests this mechanism. The

talmostmonodispersed distribution of larger particles repre-

sents the extent of growth of Sn " particles due to the

Primary addition. The growth was interrupted after a very

40.




formed on addition of the SnClg@

The size distribution of sample 6,'prepared-by the
SpeCial'fonmulation, supports this mechénism; iIn this case,
the Sn%“'particles were allowed to grow undisturbed by.the
Snﬂlg_additiqns for Ewentyéminntes. (See Figure (23))« The -
silze distribution of this sample (Figure 22) shows a more
polydispersed distributi on of lavrger particles which seems. to
reflect the ad&itianal;grnwth time,

As the solution ages ( Figure 21) the hydrolysis reaction
proceeds very slowly and causes growth of the larger particles
by one of two mechanisms, First » the larger particles could -
combine and thus grow, This should be accompanied by a
decrease in the relative numbes of large particles, Second,
the smallest particles could combine with the larger particles
to reduce their surface enacrgy, and thus cause growth of the
larger particles o ThlS would caus e an i»in_c‘:‘r.ea_slféh in 'the relative
number of i;;geé particlesy-— With the exception of sample 5,
the relative number of larger particles remains essentially
constant, so either mecharnism could occur (see.Tdﬁu!4); For
sample 5, the decrease in the number of larger particles can
be dttributed to Preclpitation of the largest particles, .

which occurs in solutions of this approximate age.
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Ceriumgﬂzdrosol
It is again possible%;§w§;;tulate a particle growth
mechanism which conforms to the observad.trends (Figufe 25)
in the particle size distributions for the cerium hydrosols,
For the 1]gz-sglution, ,,,,,, thenumbef of nucleation sights is
relatively small, The: cerium in solution then associates |
with the first nuc lei to form and results in relatively large
s

particles, As the solution concentration ds increased, there

is an 1ncreased rate of nuclei far@atipn which slows the

hydrolysis reaction, The first nuclei to fbrm_gﬁbw rapidly .
initially, but then stop growing when additional nuclei form,

The distribution of 1argerksizes then represents the first

-~ nuclei to fofrm, Theiincreasinginnmbar of small particles

(Table 6) is due to the increasing likelihood for nuclei

formation at higher conqeﬁtrati@ﬂs,'




CONCLUDING REMARKS

The mailn Purpose of this wprk_was to establish a

techniqué for'char%cterizing ¢olloidal solutions. It was

ot L .

hoped tha t the characterization would lead to an understanding
of the effeets of solution age, concentration andﬁfonmﬂatimm;
on solution p roperties. The sizas of the colloidal p_a'r’.titcljevs
wag selected as a parameter which’weul&'réflect changes in
the system. On the basis of the ceriuvn and”the,wetting tin
data, this parameter appeatrs teo be sensitive to solution
¢hanges,'and is thus a suitable charecterd.zatton.

The method of small angle x-r ay scattering was selected
as a techniqﬂe tb datermiﬁe pértialé sizes of cellgidal
particles, Since the parameters whigh resuﬁt directly from
experiment represent weighted averagasnuf the particle size
distributions,;ﬁhe distribution of sizes was sought, Two
techniques were found a pPplicable from a theoret i‘cal standp o;i-ﬁ.t:i
The amount and accuracy of the informaticn deduced from a
gscatteri ng curve depen ds on mna ny factors, In some case s s such
as the Chromiumﬁhydrosalfsystem, no information:Was obtained.
Generally; the technique 1s useful f@;ﬂaf,}east qualitative
~portraval of t he d:. stribiution 6' f sizes of the particles which
may be used to predict the behavior cf some systems. Thus,
the technique of small angle x-ray scattering is a suitable

technique for characterizing the colloidal solutions,
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Tv0 systems examined yield infoﬁmatibnswhiéhsaggests
fufther'stﬁdiesf‘ The wettingttin:syStém §ﬁQws?a.ma§ked
sensitivity to the s equence of formulation, and ir 1is llkely
thﬁt this SYStem iS scmevhat sensitive to the COﬁCenﬁﬁ&tiﬁn
of the cpnséicu@nts (dﬁ'fﬁﬁ basis of the ceriuvm study), A
imdte~dﬂtailed«ax&mimatiam.Wauid.inVQlVev&riatianﬂ of fﬁe

concentrations and times between dissolutions of the con-~

¥

stituents in an attempt to determine the d ggree of changes

in the system; and to support Qrzreject the mEQhaniSmS$ﬂﬁ@h

have been postuiated,

P T VIR (ORI el
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TABLE 1

SIZE RANGE FOR VARIOUS

TECHNIQUES OF PARTICLE SIZE DETERMINATION

METHOD PARTICLE DIAMETER (%) IN SOLUTION

Coulter Counter 2xth - lO6 “ Yes

Transmission - 8 N
Electron Microscopy 10 = 10~ No

BET Nitrogen 5 6

Adsorbtion 107 - 10 No
| o g b 2 8 o
Centrifugation 10 - 10 Yes

Ultrafiltration SO-—-I@h: | | Yes

5

Yes

Light Scattering 10° - 3x10
| )

X-ray Scattering 10 - 10




— “ TABLE 2

SOLUTION AGES OF THE STANNOUS-STANNIC SAMPLES

SOLUTION AGE SOLUTION AGE
WHEN SAMPLE REPRESENTED BY

SAMPLE, |
WITHDRAWN (hrs) SCATTERING CURVE (hrs) .

o 2.5
1h2 1Lk y
188 190 |
558 560

1250 1252
¥ o, 5%

o B oW




DISTRIBUTION PARAMETERS FOR THE

STANNOUS - STANNIC HYDROSOL SAMPLES

PARTICLES LARGE PARTICLES

¥ rionodispersed

-0.66
-0.93
-0.8k"

d_
{0

38.6
34k.5

L. 5

n

1.27
0.10
0.0
2.0

k.o

o

54.5

96f0
89.0

58.5




DETERMINATION OF THE RELATIVE NUMBERS OF EACH | h
DISTRIBUTION FOR THE STANNOUS - STANNIC HYDROSOL | |

SAMPLE SMALL, PARTICLES LARGE PARTICLES RELATIVE NUMBER

(o) E(a’) mMBER®  I(o) E(a3) momEr” ‘

L

. 81.( .

1 11 2~2110. -005 T7 ‘9xlxl05 8.4x10" 6.0

2 11 3a7XlO3' <003 63 21I3¢de5 5.0x10"

3 15 6.0x10°>  .0025 100 29 x10 T.1

L 7.8 5.0x105  .0015 90 21 x10° L.hx10" 3.6

3 !

0071 100 140x10° .Tix10~ 101.k

5 89  13.0x10

é 56 1k4.0x103 15.8

* This number is only meaningful in comparison with similer numbers derived from the same curve.

** The ratio of the number of small particles to large particles.:




TABIE 5

DISTRIBUTION PARAMETERS FOR THE CERIUM HYDROSOLS

n a_ n d_
o o}

1/2 % o l.27 28.2 2.25 L2.0
17 -.9 3k.5 9.5 2h.5
g o 16.3 10.0  23.8

FE O . L e e o




TABLE 6

DISTRIBUTION OF THE CERIUM HYDROSOL
e o o - x
(o) E(33) NUMBER I(o) E(d°) NUMBER'

"04

b !

N

12 9.6 1.8x10" 5.lx10
L

I

o ‘T‘hxlﬁég

10.7x10" b 7.30

1 16 . ’-l'TXlOLL 3hx10
L

100 9.3%10"

k.59

4 16 .21x10°  T8x10°

** Ratio of the number of smaller particles to larger particles
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PHASE FACTOR = a-b=2~r /x[§56}_4]] - [§5ﬁllf

=5-2WQ}[§:E;J'E55ﬁ£
_F}ﬁrv&ﬁizgg] , | Rl= 4m sin 6

-SCATTERED AMPLITUDE = A= Agexp[-i E'(T”T‘i]

FIGURE 1 ORIGIN OF SCATTERING BY A PARTICLE




LA Ut LIDTETE L NGRS KA AL,

e J

VOLUME COMMON TO
PARTICLES = V(TF)

PROBABILITY TERM-= v{F} = y(T)
vie) v

AVERAGE OVER ALL ORIENTATIONS OF ¥ YIELDS:

%{-{-} EXO(") ,.

FIGURE 2 DETERMINATION OF THE SINGLE PARTICLE
(HARACTERISTIC FUNCTION, Zfo( r).




=
-1
""" 100 200
D(R)
F
2 2
E f
C— a
g
-3
-4
10 5 20 25 3

5 W0 5
SCATTERING ANGLE (MILLIRADIANS)
FIGIRE 3 THEORETICAL SMALL ANGLE X-RAY ScATTERING CuRVES
For (@) A Monop1sPerseD So OF Diaveter 100A, AND L

(b) A PoLyDISPERSE SoL WitH A DisTRIBUTION As IN
'THE INSERT

23,




COLLIMATOR
SYSTEM

DETECTOR
SYSTEM

'
CPLLIMATOR
| I
ISAMPLE :
|

KRATKY CAMERA

COUNTER
TUBE

GENERATOR

FiGURE 4 ScHEMATIC OF X-Rav. SCATTERING APPARATUS

Q




"G

o
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Technigues

S S

APPENDIX T

TECHNIQUES . FOR DETERMINING PARTICLE SIZE
DISTRIBUTIONS BY SMALL ANGLE X-RAY SCATTERING

This appendix presents the development of the various
techniques used to determine size distribqtibns from measure~
ments of small aﬁgie X-ray scattering curves, The various
techniques will be described and a comparison of the various
techniques made. On the basis of the comparisdn, the most
applicable technique will be selected.,
| 11-14
1. Integral Transform Method

Thisw technique involves rather extensive Tﬁathe’ma'-’ti‘cal
manipulation of the expressions for scattered intensity,
The details of the manipulations are discussed in depth by
Erill,14 but will be briefly reviewed here, -

The expression for scattered intensity (equation 5)

for a monodispersed system may be extended to a poly-

dispersed system by redefining the particle characteristic ~*

function to reflect the polydispersity.

1o (=~

Y ()= j[ a’p(a) y (r/a)da ][ a’p (a)da (14)

o
o o
In the above, y(r) is the system characteristic function, |

Y (r/a) is the singie particle characteristic function,
o | \ |

T6.
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polydispe;sity. The form of equation (5) lends itself
to a fourier sine transform. The results of such a

transform yield another expression for y(r).

L + ]

¢ . | sin hr ‘
. Y(r)= h2I(h) =2=L gp - (15)

By differentiating equation (1l4) twice, .and with some
manipulation, the size distribution may be eXpressed

in terms of the characteristic function as:

. 2y (r) ' |
JOLIE S (---——---) B (16)

T r
By substitution of equation (15) into equation (16) an

expression i8 yielded in which p(a) is expressed in

terms of intensity parameters,

p(r)= 3 2 gfb(hkl(h)—A) (a(hr)dh (17)
LS -

In the above, A represents 1im h“I(h), or the constant
h¥
of proportionality in the high angle asymptotic region,

and a(x) 1is given as: -

s

a(x)= (1-8/x2) cos(x) + (3/X3-4/X) sin (x)

A

14

31711.1 has devised numerical techniques for perfoﬁning

the integration of equation (17) and heewineaxporated
TT.
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ten

these techniques in a computer progranm. This program

was obtained and has been adapted for-ﬁae in this work;
2.' Curve Matching Techniguels |

This technique involves the straightforward com=-
parison of the efperimental scattering curve with.various
theoretical scattering curves for different size dig=
tributions. The size distribution is taken to be the.
distribution for the theoretical curve which best fits
the experimental curve.

In practice, several distribution shapes‘are_uéed
to generate the theoretical curves:

l. log normal: p(r) « exprlog ro—log r)2/202](18)

2, Maxwellian: p(r) a 2" exp(-rglrz) (19)
r n+l F(n+1)
0 2
. | - 2
3. Gaussian: p(r) o exp-(E :0) (20)
20

—

In the above ekpressions, ro is a diameter which
specifies the approximate mid-range size of the dis-
tribution and the terms ¢ and n specify the range of
sizes of the distribution.

\.?‘arious famili»es of theoretical curve whimchlbaest‘ fits
One family contains the theoretical curves for distri-

butions of each of the shapes, but whose range and mean

values are approximately the same. This family of
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represented in Figure 26,

gy e

curves will allow selection of the distribution shape

to be used. Each other family contains curves for one

f

of the distribntibn shapes, but for different values-of

n or O, e |

In practice, the theoretical curves are plotted as

log I—log(hzroz). When the experimental curve, plotted:

ad log I-log(h2), has been fit to one of the th&nxnical
curves, a comparison of axes will yield roz. An example
of the form of the theoretical curves is presented in

Figure 26. Also shown (Figure 27) are the distributions

. - -

3. Graphical manipulation of the scattering curve to
yield distribution parameters.lS
Shull and Roess show that for a Maxwellian dis-

tribution of particle sizes, an expression for intensity "

may be directly integrated. The intensity scattered .ffrbm |

a polydisperse system has been shown to be:

I(h)-‘jr p(r) Ir(h)dr ‘ . (1{)

0
By. inserting for p(r)v the mathematical form of a Maxwellian
distribution (equation (19)) and for I (h) the low angle
r | |

asymptotic approXimatiOn for intensity, I(h)=Kr3exp(-h2

'r2/3), equation 11 then becomes: e

I(h)= K'—_ZII__FE;TT;jr rn+3exp(—(1/3h2+ rgz)q%)dr =
to -7Ef < ? ) S

e e

_— A - 'wa;,, = f(21)

a
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...............
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| 15 . | | |
Shull and Roess' show that this may be integrated
directly to yield: ’ | /«)
ra (n+4) /2
I(h)= 2k —2— 1 3 [1/3n2r 2+ 1] (22) .

I‘(n+l) o
2

Taking the logarithm of both sides yields:

log ,Iallog C- n-;-l; (log h2+'3/'r§) | (23)

This suggests plotting the data in the form log I-

log(h2+ az), and Varying a? until the scattering curve

lies on a straight line. The quantitieé n and r, will

result from the slope of the line and the magnitude of
the translation, a2, respectively. Once n and r, have
beenmdetermined, the distribution has been completelﬁ
specified. An example of this technique is shown 1n 
Figure 28,
| | | 16

4. Graphical deconvolution of a Guinier Plot:
The low angle approximation for scattered intensity,
I(h)= Kr3 exp(-h2r2/3), is used to determine particle

s8izes through a Guinier plot, a plot of 1n(I)- h2, 1In

a plo; of this type, the scattering curve approaches a

.straight line whose slope 18 a measure of the particleA

size. This technique for determining the size dis-

tribution performs a deconvolution of the éxpérimental |

oy RS

curve, or a separation of the intensities due to 'partiélés
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of different sizes. The deconvolution begins”by cbﬁlm
'structing a tangent to' the experimental curve at the point
of last slopeﬁand extending the tangent to in’tersect the
intensity axis. Theolopo.of this tangent corresponds
fa the smallest particles of the s8ystem, whoéémgize may
be determined through equation (7). The effect of the
smallest particles is then removed fiom the original
curve by subtracting the intensity due to these particles.
In other words, the tangent constructed is subtracted
from the original curve, and the process is continued on
the_new curve, one which does not reflect the presence
of the small particles. }The process continueo #until only
a 8ingle straight line remains whose 310pé corfeSponds
to the largest particles of the solution,

The intensity scattered by n particles of radius R -

is given as:

I(h)= nCR3 exp(-h2R2/S5) T (24)

At'h=0; the intensity is then given by:

—

'I(0)= nCR3 . \4 | (25)
Thus, to evaluato'the relative number.of particles of
each size, the intercepts of the tangents constructed
are divided by the cube of the particle ra‘dii--cofresponding. f
to the 810pe”g§fthetangent. An example of thigwteché

- —

- nique is shoﬁn ianigure 29.
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Comparison of the TechniJues .- o |
.__JL____________________1___ .

/}Each technique br%sehted approaches the problem of
determining the distribution of sizes 1in a different manner,
It is to be expected that some techniques will be more
applicable to some situations thaﬁ others. It is for this
reason that‘the techhiques are to be compared by examining
the results of the techniques for distributions of varibus
shapes. The techniques are to be evaluated quélitatiirely by
visual comparison of the.distributions derived from various
theoretical cﬁrves with the actual distribution .of the
theoretical curve. 1In this comparison, five theoretical
inteneity curves are to be analyzed, each corresponding to

a differently shaped distribution of particle sizes., The

‘distributions considered are shown in Pigures 30 through 34,

Each of the techniqués was used to analyze each of the curves.

The analysis is not presented here since it 18 not of primary

'interest, but the results of the techniques are shown in

Figures 35 through 39.
Discussion of Results

The observations made in qualitatively examining the

-—

—ar—

results are enumerated, . . o i

1. Techniquellis by far the most accurate technique,
;and the easiest to apply (it is Performed by computer),

Unfortunately,ﬂthe data must extend well into the asy-

|

_mptotic region in order to apply this technique. 1f

i . . .
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the date do not extend into the asymptotic region,tmis —

technique should not be used.

2. Technique 2 is very easily applied and yields con-

\
gistent results, One severe limitation, though, is the

inflexibility of the technique. The distribution derived

must be present in one of the families of curvee. If. .
this is not the case, as happened in the rectangular
distribution, no fit may be made.

3." Technique 3 has-the advantage of being insensitive

to random fluctuations in data., The technique forces

data to fit a straight line and essentially causes a

 smoothing process. The results are reasonably accurate,

except for the rectangular diStribution, anéfthe tech-

nique 1is easy to apply., . - | | Crw_;
4, Technique 4 provides few data points. For many of

the curves, very few points were obtained, and those

that were corresponded to the smallest and largest
dimensions of the distribution. . This technique might
be_nseful, then, if only the range of slzes present

is desired;

Conclusions

On the basis of the observatiocns presented, the tech-

nique of integral transforms 1s selected to determine the
size distributions from experimental data, ‘However, if

data is not acceesible in the asymptqtig“region, the graph?
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ical technique 3 will be used since the results are seemlngly

accurate, If the graphical technique is used, the dlstrlbutlon

1 l

of sizes derived will be considered to be qualitatiVely

. valid only.
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across the width of the team, ¢ 18 the deviation from the

nominal angle in the vertical sense, W,(E) 1s the weighting
function across the 1ength~of the beam, and f is the angular
dev1ation from noninal in the horizontal sense) the in-

tensity actually recorded at 6 is given by:

N b | | - > - | u
1(6)- afwww)de:» jr(‘}ww) + o (£rag  (26)

(

Fortunately, the geometry of
certain-simplification valid. 1If
is very short with respect to the

ometer screw, then the effects of

the Kratky camera makes'
one dimension of the beam

diSplacement of the goni-

the integral over the
9 . | |
That 1s the case in the Kratky

dimension_ is negligible.
camera, since the width of the beam (= 100 miersns) is much
less than the goniometer screw displacement (= 10 nm),

~C»

Equation 26 then reduces to:

n b, | T' i
(0} 2 12 a3
I(6) 8[1(,19 .+\g ) wvlcs)ds\ o en

A further simplificstion results i1f the remaining beam
dimension 1is larger than the maximum angle of the experlrnent
and 1if the intensity is uniform\over this dimension; Both
of these requirements are satisfied for the Kratkyscamera,u
if prsperlf aligned,“ss that.equatisn (27)wreduqe84to:9

o o - - : .

- I(0)= J I(yeZ + g . - (28) -
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—f =y .

The heighting function; Wl(g), drops out due mJthennﬁf¢nM¢y4wg [

of the beam intensity. The above conditions satisfy what.
is 'known‘ as the infinite mslit height approximation. Expressi‘dh".
28'may be manipulated to yield a direct expression for,the

true scattered intensity.

m T
, » ~
I(8)= ~C 1™ (x) Lo =
1/2 dt (29)
o (t2-92) | ~
| 34,35
Schmidt and various coworkers have devised tech-

niques for evaluating equation (29)., Of primary concern is
the increased random error associated with differentiating the

experimental data., Schmidt performs the differentiation by

fitting successive“polynomials toc the data in groups, and

by differentiating thése,fuﬁctions;i

This technique has been testedmunder’various circum-
Stances,36 and seemg”:;yie;d consistently accurate rgsults,“
and has begn incqrporated in a computef pfogram written by

Schmidt35 but adapted for use here. All experimental éurves

: oo R
will be desmeared using this computer program,
-ﬁﬁw@w . o ﬂ=] ;
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