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ABSTRACT
. u ' R . ’
In this work, several new X-ray diffraction (XRD)
techniques were developed to study the metal.Crystallites

supported on non-amorphous materials. -The purpose of this

study was to determine the effect.ef aémosphere and heat

treatment on eupported metal catalysts. Properties studied
were phases present, average crystallite size,_apdAparticle
size(distributions. XRD paeterns were measured for alumine
sup érted 1 and 4 wt. % Pt, 1 wt. % Ir; and 1% Pt-1% Ir.
Mefﬁods were developed to analyze -XRD patterns.A |

.A new numerical technigue involving poin}jby—poiné
subtraction of a.weigheed support profile from the ca;aiyst
profile allowed detailed‘analysis of the metal crystaliites
on the alumina. Due;io'felatively large neise-to-Sidnal
ratio in'many of the profiles, a‘new’profile fitting
function was developed. ' This technﬁqde was numerically‘
shown to accurately represent tﬁe input data for continuods
length’distribution functions. Numerical technigues were
also used to show that the iower limits of reliable
crystallite detection, using both”the‘Scherfer:and Fourier
analysis, correspond regghly to 2 nm particles. It-is
possible to obtain information about‘pa:ticlee below this
size, but the aecuracy is signifieantly reduced Cbmplex
interactions between the partlcle shape and partlcle size in
the observed X-ray proflles makes determlnatlon of‘rellable

crystalllte size distributions difficult.
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It was shown that the area. welghted average crystalllte
.length determlned by Fourier analy51s of x ray peaks is
oorrelated'to part1cle~d1amete§ determined by chemisorption.
It fs probable that the stoichiometry of absorption is’
slightly greatef than H/M=1.0, but owing to fhe relationship
between particle shape and size . distribution in the observed
profile'a unique determination of the stoichiometry is not
possible. Perhaps the most valuable information which was
;obtained using theitechniques‘develOped here is the
"semi—quantiﬁative analysis‘of the metal profiles of the’
bimetallic cataiys£; Significant‘differences[in crystal
,structu}e result from treatnents in'different atmospheres.

- Oxygen treatment'atqelevated temperatures causes separation'
~of the two (Pt and Ir) phases while hydfogen treatment does
not. Crystalllte growth is much more rapid in oxygen than

in hydrogen
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1. INTRODUCTION

Catalytic~néphtha reforming is one of the world's
highest volﬁme heterogenously catalyzed reactions. The
primary purpose of the process is to produce high octane'
gasolines and aromgtic chemical feedstocks from lower octane
naphthas. Important byfﬁroducts include ﬁ;a?pgen and Jlow

molecular weight‘hydrocarbons. Catalytic reforming“has

,Yecome increasingly important.in recent years as gollution

control considerations have forged refiners tQ .use less

P

tetraethyl lead for octane enhancement. a
Until the late 1960's, North American refiners relied

almost exclusively on dual functional catalysts compoéed of

(typically less than 1%) platinum supported on high surface

- area (typically 100-200 mz/g) n~ or y-alumina. These

-~ -etalysts have high initial activity but deactivate over a

)
/

A\

period of several months. '
The main short term deactivation is due to extensive

coke formation which reduces the number of available active

'sites on the alumina. Catalysts deactivated by coking and

Sulphur poisoning are regenerated by burning fo.thESe,

compounds. Operating with an.excess of H, in the reactor

feed slqwshthé rate of coking. It is believed [1] that coke

precursors on the alumina are broken down by atomic hydrogen
which spills-over from the metal. Unfortunately, due to the

thermodynamics of the reaction, the-large pressure of

>



hydrogen required to signfieantly reduee‘coking shifts the
products away from the desired reformate to lower molecular
weight (crackeﬁ) compounds.,

Bimetallic reforming catalysts are a significant
improyement on these aluﬁina.supported platinum catalysts.
The bimetallic catalysts show initial activity similar to
that of the older catalysts, but’catalyst deactivation is
much slower than monometallic pletinumt Perhaps the main
advantage of bimetellic catalysts is that they allow .
operation at much lower hydrogen partial pressure. More
flex{ble operation is possible —‘higher.yielde can be traded
off against lbpger periods between catalyst regeneretion.

After several of these cYclee; catalyst activity cannot
be completely returned. This is due to increased average
metal particle size,_or sihtering. (Thetrncrease in
particle size results in fewer surface atoms, sinEe the
total number of metal atoms does not change.) The siﬁtered
catalysts can ee regenerated by a carefully contrOlled
oxy—chlorination procedure The details of this procedure
are available for Pt-Al,0;. catalysts but are generally
proprietary for bimetallic catalysts.

The flrst commerc1al unlts u51ng blmetalllc reforming
catalysts began operatlon in 1967 Chevron S Rhenlformlnge
process 1nvolved a ccealyst containing approx1mately equal
load;ng qf rhenium and ‘platinum (about 0.5% of each) on an
alumina support. Other corporations soon developea other

bimetallic and multi-metallic reforming catalysts. The



subject of this study is one of the most commerciallv
important reforming cataiysts blmetalllc platlnum and
d1r1d1um supported on alumina which wes developed by the .L;
Exxon Research,Company.

There is controversy in the literature about the
‘mechanism wuereby'therbimetallic catalysts Show Increased
resistance to deactivatiorn. It is not even clear what form
the iridium metal takes; isolated metal atome, small Ir
clusters, amorphous and heterogenous'platinum—iridium alloys
have all been,proposed. There is also no egreement on‘the
mechanlsm of 51nter1ng, particle and atomlc surface
migration as ‘well as gas phase and : 1ntrasupport mlgratlon'
have all been postulated. ‘

Further imprOVements in these oatalystsvare hindered by
a lack of Uhderstanding of the nature of metal‘on the
support. The purpose of this work was tovdeueiop'x—ray
diffraction teohniques to extrect the following information
about bimetallic Pt-Ir on y-alumina reformlng catalysts:

1.  The nature of the supported ﬁetal both in fregsh and a
aged catalysts. | /

2. The effect of atmosphere and temperature history on. the
metal crystallltes |

3. Information about the rate and mechanism of.catalyét
sintering: ',, : | " )

a. Average particle sizes as}functions of the

time—temperature—atmosphere history.

b. . Particle size distributions (which will give

o



7e

evidence to substantiate one or the other of the
two main sintering theories - particle or atomic

migration).



2. LITERATURE SURVEY

12.1 Introduction

In order to understand how Supported Metal Catalysts
- (SMC's) and épecifically bimetallic SMC's function,
knowledge of several physical properties of the metal on the
support is necessary. ' i

Since chémicél reactions occur on activgﬁsites on the-
metal surfaces, it is important to know the éﬁﬁéé} of sites
available for reaction. For most Catalysts, the number of
active sites 1s direétly proportionél to the numbérvof métal
atoms exposed to the surface (the ratio of active sifes to
surface metal atoms is‘often very close toi1). The ratio of
metal atoms on the surface to the total number of metal
atoms'is.called dispersion. The dispersion of real .
cétalysts must lie in the'range:

0 < dispersion.< 1,

?f one knows (or.assumes) something about fhe-shape of
the metal particles, afea—average particle size can\beb
directly related to the diSpérsioh; In.order to study
sintering, it is valuable to know not only the average
particle size, but also‘the range of particle sizes which
exists in a cataljst.sample. .This is éxtremeiy important
when comparing the results of average barficle size obtaiﬁed
by different methodg since the number weighted, area

weighted, and volume weighted average pérticlegsizés may be”

significantly different, and since each method of measuring



dispersion has different lower limits of detection for metal
i ' \

particles. / \

~. 4

Another impgrtant physicai propertf\in the study of

bimetallic catalystggjs the composition af the metal
particles. Specificdily, it is important to know whether Pt
and Ir exist as separate entities, as completely homogeneous
alloys, or as has been suggested (Sinfelt ét al. [2]) .
heterogeneous crystéllites in which the pafticles have one
metal conceﬁtrated near the core, and are richer in the
other metal near the exterior of the particle.

.Since aged catalysts behave much differentlyAthan fresh
catalysts it is generaliy believed that these properties
change significantly as a result of heat treatment. Two
important pafameters in heat treatment are of course the
temperature and length of time that the catalyst is heat
‘treated. The atmosphere in which the catalyst is heated
also makes a significant difference to the finél character
of the catalyst. It appears fhatwthe main difference is
‘whether the atmosphere is reducing (such as occurs when the
catalyst is‘in operation) or ~zidizing (és during decoking

operations).

'2.2 Techniques of Study
Several methods are used to - zte" 'ze the metal
crystallites on supported metal cec:a. ..s. ~he 1<~ loading

‘(and resulting high dispersion) of r-:al on reformi..g-

catalysts makes‘Study of the metalc ext---=z21y d-“ficult.

s



Previous investigations [3-16] of these catalysts used
primarily chemisorptioh, electron miéroscopy,'and X-ray
diffraction. ”

Chemisdrption provides information about the total
number of surface metal atoms in a catalyst by measuring the
amount of gas adsorbed on a sample. Typically, either
cérbdh monoxide or hydrogen is adsorbed in static or pulsed
flow conditions. For noble metéls, it is usually assumed
that 1'hyd}ogen atom or 1 cafbon monoxide molecule is-
adsorbed per surface metal atom. However, measured
_stoichiometfies of between 0.8:1 and 2.0:1 have been
réportéd depending primarily oﬁ the type of apparatus used,
the gas used, and the metal adsorbing the gas [3]. It is
4also believed that metal-support interactions (MSI) and
particle shape may influenqe the stoichibhetry of
’adSbrétion. By assuming a typical particle shape, aréa
weighted average particlé size can also be calculated.
Although these results-are very reproducible, theyAprobably
are’.only relative rather than precise measures of average
partiéle size. Chemisorption'does not provide ady
information about the composition. . of bimetallic noble metal
crystallites, or about the size distribution of ﬁhe
particles. However, there is no lower limit po‘the_éize of
particlés which can be.detected - siﬁce even an .individual
surface metal étom will adsorb the gas. (Note however. that
the adsorption sfoichiometry may nof be the same for

individual atoms as for the metal atoms on the surface of



large crystallites.)

Electron microscopy is a measurement technique which
allows dire;t measurement of average particle sizeland the
particle s%zg,distribution funcqggn. Through the use of
electron diffraction, some semiFéﬁantitative information
about the nature of'relatiQely large crystallites can also
be determinea. No information about the oxidation'state of
the metal can be determined, however. Particle sizés for
- particles greater than 1.5 nm in diameter are quite
reliable, but reliability decreases significantly for
particles smaller than this (see Flynn et al. [4]). éyerage
particle sizes calculated using transmission electron'
microscopy are biased upwards due to the fact thaf small
particles may ﬁot be detected due to interference by the
support material. Furthef, averége metal particle sizes@are
also biased upwards because, for example, 1000 small
'particieé have about the same numbér of atoms as a single
particle of 10 times the diameter. Thus, whether or not a
singie pafticle‘in 1000 is counted can make a 50% difference
to the calculated vélumehaverage particle size.

X-ray diffraction does not show the same limitations as
the other methods. All particles greater than about 2.0 nm
are measured. Again, precision decreases dramatically for
,parﬁicles smaller than this. Owing to the .large number of
particles which are irradiated, results are much more

repeatable than with electron microscopy, and estimates of

éverége particle size should be more accurate. The angle at



which peaks occur gives ihformation aéout the composition og
-the metal -particles. The integtated-a?ea under the'peaks
indicates how much of thetﬁetal is bei&? detected. The
shapes of the peaks give information aboet the ayerage
particle size, and in_some'cases, the particle size -
distribution function can be determined.
. \‘

2.3 Previous Studies of Metal Crystallites in&gataiysis

X ray dlffractlon technlques were used as'early as 1962
'(Adams et al. [5]) to study metal crystallltes %n supported
metal catalysts This work studled 2.5%. Pt on 3111ca gel '
and compared the results using hydrogen adsorptﬁon electron
microscopy, and X-ray diffrabtion They p01nted out that
each method ylelds average metal particle sizes F\thh
different we;ghtlngs; eleo\ron_mlcroscopy welght\ by number
of particles, chemisorption by surface area of tﬁe
partioles, and X-ray diffraction weights by the v&%ume of.

the crystallites. They found the volume average paEticle

sizes to be about 3.5 nm, with 10%-20% difference ‘in ayerage

\

N
)

‘diameter between the three methods. The investigators
assumed no internal strain in the crystallites, and
concluded that they were unable -. distinguish particle
shape information from experimental error,

7dpe et al. [6] made the first actempt to deal with

—

detectabili

carbon. They used an internal standard method (adding a

7

‘metal jﬁyéﬁistallites of sizes below the lower limit of

y. This work investigated 5-20% Pd on graphitic
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known amount of MgO and comparing the ratio of the area of
the MgO (3&0) peak to the area of the Pd(111) peak) to
.estimate the aQeunt of Pd whlch was ’X ray amorphous that

. N
is, in undetectabLy small crystallites, Def1n1ng a as:
2 .

" a=(Area P4 (11:?}X{:jea MgO (200)) 21

they found a, (measured valug) to be below 0.85 of a,
(theoretical) for all stanQards made with Pd black and they

showed significant reduction in the area ratlo as ‘the

average size of the Pd crystallltes was 1ncreased They
also showed that the ratlo decreased as -ray.wavelehgth
increased. This implied that some microab orption effect is
responsible.
The magnitude of this effect is much larnger than the
predictions’ of any theory known to this autho Fifteen
percent reduction in area corresponds, for ek[mple using
Taylor's method [18] to a particie sizé'aboe/vso times
larger than was observad. Applying this f£ étor 6f~50 to the
observed length, aad using the particle ‘ sorption factor
method suggested by Taylor gives accurifa predictions of a
for mechanical mixtures of Pd black crystallltes between 19
'!and‘ﬁsmnm However, the obZiizﬁg/ﬁ s were more than 20%
larger than\thls\sample_—mo el' predicts for 2 of the 7
reported catalysts with relatively large crystallites. Note

that pbints below Taylé;'s liné—are easily explained by

assuming 'X-ray amorphous' palladium. Slight ekcursions
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above or below the line tan.be explained by broad length
distribution funttions with complicated distributions such
as b1~ or multimodal |

Smith [7] used Fourier analysis to study 10% Pd on
silica and carbon. This high loading‘permitted the author
to determine that strain wasinegligible (since at least two
oraers'of reflection were distinguishable). He reported
sllghtly higher values of surface area (only about 5%) for
X-ray diffraction than for chemisorption, but ‘saw the close
agrgement as'coincidental

vPadsescu et al. [8] and van Nordstrand et al, [9]

studled Pt ‘on alumina using the zero-strain hypothe51s The

first group used phosphoric acid to remove the support from:
0.35% Pt on 7-A1293. The authors found this step to be-
necessary because the.crystéllographic simflarityrbetween
metal and Support meang that peaks overlap;‘ They used
Fourier techniques and applied an iterative procedure to
correct for errérs in the_;engtb'distribution function dué
to the errors in the tails of the péék and Fourier éeries
cut-dff‘effects% The procedure causedvléngth distribution
‘functions to show bimodality_which this aﬁthor believes to
be spuri?us. o
Van‘Nordstrand et al. [9] used the simple Scherrer

equation to correlate particle sizes for Pt on alumina.

They studied the Pt(311) peak because.it lies in. the area of

least variation in the Al,0; profile. With results from a

mixture of 10 nm Pt black particles.in concentrations from

2\
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O.1%kto 0;7% Pt, they numericdlly generated profiles for
‘particle sizes‘from 3.5 nm (the?r stated 'lower limit of
detectabi}ity’) up to 15 nm. They found that fresh
reforming catalysts (0,65% Pt) containéd no metal particles
.gr;atét 3.5 nm in diameter. | ,

| ‘Sashital et al. [fO] studied 1.1 tv 2.0% Pt on Si0, gel
with XRD. They showed platinum particles to be free from
microstrain untll the partlcles approached the gel pore
size.. They also found that the metal exists in metallic
particles wtth no significant changeéln !he}lattlce
parameters (that is the chopge‘was less than 0.1%) even in
the presence of oxygen. fgéy.ﬁound the particles to be
relatively.freé.of stacking.faults and microtwins. (This
result has béen assumed in this’study):ﬁ They alSo_found,
_except for very large crystallites, that the particles were
essentially equiaxed. vThe lower limit of detectability.was
reported to be about 2.5 nm although length dlstrlbutlon
functions are reported down to 1.0 nm.

'Ganesan et al. [11] used single peak analysis to study
very heavily loaded (in the order of 50%) N10 on. alumlna and
5111ca .. Extremely slow step scans (500 s/step) were
performed— ,They 1ncorrectly attrlbuted the reason that the
‘Scherrer eqdotioﬁ gives sizes 1.5 to 2.0 times léqger thén
the various'Eouriet sizes to problems with'the accuracy of
the Scherrer equation, rathet than to the diffetenoés in
weighting between the two methods. (ThJ Scherrer equation

gives volume weighted means and their Fourier method gives

;
/
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area weighfed means. ) ‘They found significant micréstrain in
catalysts with particles as small as 1.8 nm andvthey found
that microstra%n becomes more significant as size®increases.
It is ﬁot posgfble tb use their single peak method for
catalysts of low loading because of the accuracy required in
the tails of the peaks. - |

Many of the definitive works on the subjec;aof Pt-Ir
cafalysts have been by the Exxon Research and Engineéring
Company, notably by Sinfeit'and his‘co—WOrkers. In 1979
they [16] Qere,able to show the exis;énce of large. (2.7 nm
to 4.9 nm5 Pt-Ir clusters in catalysts of from 5%-20% Pt and
. Ir on Si0,. 'y later pointed out [2] that the bulklmetal‘
at theée conditions shows Pt-Ir immiscibility bétwéenh7% and
89% Ir, and so postulatedvsignificant metél-shpport
interactions (MSI) to account for thi; apparent |
contradiction. They also found that following treatment. at
eleQated temperatures (above 500°C) in oxygen, large Ir0,
crystallites are found, which can be con?erted to large
crystallites of Ir.upon reduction in hydrégen. Sinfélt'et_
al. [2] postuléted on the basis of some résults using'
Extended X-ray Absorption.Fiﬁe Structure (EXAFS); that the
cluétefs are not homogéneous;-but conta&n Pt-rich qnd‘
—EI}-rich regions. gg;pher, since Pt has a lower surface
energy than Ir:\PQ would tend to concgntrate'hean_the'
surface of'the'particle, leaving an Ir-rich 'core'. .

There are several limitations apparenf in previous

investigations of both Pt and Pt/Ir reforming catalysts.



Most inuestigators have studied cataiysts with relatively
high metal lo;dlng in order to produce intense X- ray
proflles.‘ However metal crystallite 51zes and size
distributions probably depend‘strongly on the metal loading,
aud‘thus the catalysts studied ‘should be as close as

. g : [ . .
possible to the metal‘loéding of operational catalysts.

The opher“major lfmigations of previous work is the use
of'support corrections., \ﬁost'ihyestigators have used
amorphous supports such/es siiica However; alumina has a
crystallographlc structure 51m11ar to-that wof platlnum and
this 51m11ar1ty has been suggested as the source of metal
support interactions which probably alter therrate aud
possibly the nature of the sintering [9]; Two previous
investigations [8,9] have used alumina supports but in the
first of these‘ the support was removed by acid and the
second was aimed only at ach1ev1ng weight average sizes (and-
no. ze dlstrlbutlons),and SO more 1nvestLgatlon is

arranted in this area. N |
The emphasis of this work is to use XRD to study

Pt-Ir/Alumina catalysts of low loading with special interest

in particle size and particle size distribution.

2,4 X-ray Diffraction

An interesting phenomenon which has been dealt with
theoretically [17], but which has been only lightly treated
by investigators in the field of catalysis is the

relationship between the Length Distributiod Function (LDF)
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which can be derived from X-ray peak profiles, and the
practically(important Particle Size Distribution Function

(PSDF). X-ray profiles are broadened due to incomplete

“interference of waves interacting w1th1n metal crystallltes.

If the dlstance travelled by 1nc1dent X-ray beams within a
metal crystall1te depends on the position within the
particle, then the X-ray ptofile will be broadened not only
by the size of the particle, but. also by the shape. It is
thus possible to have fairly complex LDF's due eot onlxito

' ‘
the PSDF but also to the particle shape.



3. X-RAY DIFFRACTION THEORY

3.1 Iatroduction

»}The theony‘of'x—ray diffraction is presented by several
authors (for example Taylor[18],4Cullity [19], Klug and
AléxanderQ{QO], and -Zachariassen [21]). and Qill not be
given in detail here. Several key equations and concepts
are outllned however for Leference in later sections.

X-ray diffrac?ion is most eaeily e;plained by the

concebt of 'Bragg geflection' from the planes of atoms in a

crystal. These planes are normally described by their

,Mili%{\indices, in general denoted by (hkl) in this work.

The equation which describes this reflection is:

nk = 2d sin(6,) R ‘ 3-1

'where XA is the X-ray wavelength, d is the distance between

the (hkl) planes, 6, is the angle between the surface of the
sample and the incident~x:ray beam, and n is the order of

the reflection (for example n=1 for the (111) peak, and n=2

for the (222) peak) S

If a sample of a crystalline substance is ground to a

flne powder and is placed at the Bragg angle By, to a

parallel beam of monochromatic X-rays, and an X-ray counter

.is placed at the same angle away from the Sample, X-rays

will be detected. If the same procedure is carried out at

16
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angles very close to the exact Bragg angle, destfuctive
interference of tﬁe X-ray beam will result in no detectable
beam. If the incident and receiving angles are varied from
low to high angies, a profile of sharp peaks will result.
The combination of the location of these peaks and their
intensity provide a characteristic 'fingerprint' fqr any
crystalline phase. Normally only one or a few of these
peéks are examined using X-ray diffraction to studi
supported metal catalysts, since a great deal is known ih
advance about the chemical composition of the catalyst. A
considerable amount of work (for examplé; Sinfelt et al.
[16]) has been‘done Qsing only the Bragg equation to

indicate which species are present in bimetallic Pt/Ir.

.catalysts, The location of the peak centroid (in terms of

angle, or given the X-ray wavelength; in terms of the more

‘geheral planar spacing) indicates the metal crystallite

composition. The presence of two (hkl) peaks corresponding
to lattice parametefs 0.39240 nm (Pt) and 0.38390 nm (Ir)
indicate separate platinum and iridium rich clusters,

whereas a single peak corresponding to lattice parameters

,_midwéy between the two indicates that.the bulk of the

crystals are bimetallic alloys.

3.2 X-ray Diffraction Peak Intensities
- All materials absorb X-rays. The rate of absorption
varies with distance into a sampie of material, x, and is

proportional to the intensity of the X-rays at that point,



I, that isv¢
dl/dx = -ul : 3-2

where u, the linear X-ray absorption coefficient, is a
constant. T

The mass absorption coefficient, u/p,.for any element
is constant for a given X-ray wavelength, regardless of its
physiéal or chemicai state. These have been tabulated (see
Cullity [19], for example) for the commonly used wavelengths.
and.giyén the density and composition of a sample, its X-ray
. absérption propérties can be calculated. This is useful
because it allows ‘calculation of the thickness of a sample
which.will give essentially tHe same x-ray.intensity as one
of infinite thickness. The intensity of X-ray peaks
increases with the sample thickness but within a very short
distance (normally'ﬁuch less than 2 mm) the peaks are within
0.1% of the maximum intensity.. knOwiedgé of X—fay'
absorption characteristics is also required to:accﬁrately
remove support profilés from catalyst profiles in order to
- study the -peaks due to metal crystallites.

Angther.important property of X-rays is ﬁhe
éuperposition principle, that is, the wave émplitudes of
X-ray beams (whgn phase diﬁferenéeé are taken into account)
are additive. In combination with the known relation
between X-rays and their depth of penetration, the

diffraction profile of the support may be subtracted from
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the profile of the combined support and dispersed metal
catalyst to give the profile of the metal crystallites.
This principle also makes it pos%ible to use Stokes method

to separate the broadening effect% due to the X-ray

diffraction machine from those due to crystalllte size and

[o

strain. ;

Crystallite sizes and sizé distributions can also be
extracted from the X-ray linefprofiies. Large crystallites
exhibit very narrow‘beaks,ybtoadened to a,finite.widfh due
" to instrumental non-idealitiées. As the‘crystallités-are
reduced in size, the peaks are, broadened due fo ihcomplete
constrhctivé interference at the exact Bragg angle, and.
incomplete destructive 1nterference at angles very close to
the Bragg angle. It is possible to show (See for example
‘Taylor [18]) that the total area under the profile is -
proportional to the number of irradiated unit cells if all
else is held constant. (That is, the area isfindependent of
crystallite size.) This allows the estimation of the amount
~of finely dispersed, non-crystalline metal.

This area is called the integrated intensity, and ié
proportional to the total diffracted energy per unit length

of diffraction line., It is,given for pure substances by

Cullity [19], as:

T

T,*T,'T, ' : : E 3-3a

where:

= IoAN?/(327r) . 3-3b

|
|
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T, = [Zoez 2'[exb(-'2M)] - .3-3c‘
mmV 2u . ,
" 1+cos?(26)
T, = |F|2p[—_—-—__] 3-3d
- ‘ sin?fcosé )
I, = incident energy, J/s-m2
A = irradiated area, m? N
r = diffractometer circle radius, m
uo = conversion factor, 4rx10°7 kg-m-C-?
e = chaféé of an electron, C |
m .= mass of an electron, kg
vV = voldme of a unit cell ,m?®
exp(-2M) = teméerature fa;torv
u- = linear absorptibnvcoefficient ,m™"
- F = structure factor (equal td atomic number at €=0)\
P = multiplicity factor

For mixtures of 2 or more phases the intensity of the

(xyz) peak of substance i is given by Taylor [7]

Ixyzi =nyzi°Ts'(p,pCi/limPi) ’ - : "3-4a

where:
pm = density of the sample, kg/m?
Ci = weight fraction of component i
#um = linear absorption coefficient of the sample

density of pure component i (without voids)

©
]
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.
7, = particle absorption factor
v, ,
= 1/vi! exp(-x{(u; ~ <u>))dv, 3-4b
0 .
v, = average'volume of particles of tomponent i
<u> = mean absorption coefficient of the sample if it
had no voids

4; = linear absorptlon coeff1c1ent of component 'i' in
f)\\ ; the solid partlcles | ;

x = total path length of the radiation in the

particles

Keyzi = constant cohtaining the other factors from

Equatiod 3-3.

Taylor [18] performed the integration for spherical
particles and lists values of the particle absorption factor
for several values of 6 and R; (<u> ~ u,;) where R, is the
average particle radius. _ |

In the study of catalysts it 1is frequently observed
that the integrated intensities are not constant, but
‘gradually increase as the dispersion is decreased, remain
constant for particles from about 5 to 100 nm in diameter;
‘and then decrease as the partlcle size is 1ncreased beyond
this 'maximum 1nten51ty range. | |

The first observatlon is ea51ly explained in terms of
broadening. When a peak is broadened (due to smalW partlcle
sizes), the maximum intensity is gradually decreased and

the intensity.at -angles relatively far removed from the
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exact Bragg angle is increased slightly. Eventually, the
intensity of a significant fraction of the profile becomes
smaller than the background noise. This results in the
erroneous removal of some of the profile during smoothing.
Acéuracy can of course be improved by using slower:scans,
but there are practical limits to the length of time
available for experimentation. Also, extremely smail
particles are not crystalline but amorphous and.thus do not
show peaks in XRD (égardless of how slow scans are used.
This problem is Qery importantAiﬁ work dealing with
cétélysts of low loading (1 - 4% metal on support). When
the supportlié'slightly.crxstalline, large and uneven
background -intensities result and the relative size of these
errors.is increased. o |
The obsérvation that peakfintens{ty decreases as the
particle size is increased above about 50 nm cannot be
explained by thé phenomenon of extinction which occurs when
crystal size approaches QO micrometers. - The oﬁiy plausibie
explanatipn is'thenkmicroabsorbtiqn which is the result of
the non-homogeneous nature of the catalyst sample. AEquation
_3-£;QSes the féctdr 7; to quantifylthié phenomenon. For
examplg, for the (111) reflection from ; 200 nm particle.

(R}EJOO nm) of platinum (y,= 4250 cm-') in a th_ph%se
mixture of f%'Pt in Al20; (<u>=160-cm” '), the intensity of
. the metal reflection is abou; 95% of what would be
célculated using the average absorption coefficient.. This

type of analysis is valuable to demonstrate that the
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particle size for Pt black reference samples have

crystallites greater than 100 nm in length.

5.3 Peak Broa@ening

Under 'ideal' conditiéns, X-ray diffraction peaks are
exceedingly sharp. Several factors can cause peak
broadening. The area of the peak is prese:ved during
broadening, so there is a decrease in maximum fntensity
corresponding to the increase in peak breadth. Several
causes of this effecf are cbllectively known as
instrumentation factors. The resulting instrumental
broadening is due primarilylto the fact that the beam is nof
truly monochromatic and is not truly parallel.

There aré other causes of X-ray line broadening which
are useful in the stndy of crystals. Broadening can be
caused by extremely smali.pérticle sizes, by .internal Strain
(and lattice distoptions).and by concentration gradients
within crystais. The observed X-ray profile is the'a
- ~convolution of all broadening effects, so theoretically at -
least, ‘it is.possible to separate the effects.

IgAcan.bé shoyn that for crystals less than about 100
nm in diameter, sizé broadening is inversely proportional to
the crystai~size.~ By exaﬁining severai peaks it is possible
to distinguish between strain broadening and size ‘
broadening. This is because,size broadening is independent
of which peak is examined but étrain‘brdadening in;reases‘

with the Bragg angle. For the case of bimetallic
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crystallites, concentration gradients within the crystals
also cause broadening of the profiles. A homogeneous
interatomic alloy of Pt and Ir (which are atoms of similar
atomi¢ size and identical face centred cubic crystal .
structure) would show some breadeniné,due only to the
slightly imperfect la;tice spacing bezause of the slightly

different metal atom sizes.

3.3.1 Instrumental Broaden1ng

There are several causes of instrumental broadening,
which can be grouped'as causing symmetrical and asymmetrical
broadening; Symmetrical brbadening is due primarily to the
fact that the X-ray source is not a point but has finite
width, and thus is'pessea through a slit which‘allows‘
passage of élightly non-parallel beams,\end throegh a finite
receiving slit. Reefdual imperfections between the
alignment of the ihcident beam, the sample, and the
feceiving arm.of the goniometer have also been shown (Kleg
ana Alexaﬁder [20]) to pfoduce symmetrical breadening.

Asymmetrical broadening is due to the flat (father than
slightly curved) sample, so-called vertical (ectually
horizontal in the goniometer used here) beam divergenee,vand
absorption of the beam by_fhe sample. However, the iargest
asymmetrical effect is broadening due to a non-monochromatic
incident beam. : | .

X- rays are normally generated by impinging high voltage

electrons onto a metal anode. Electrons of these target
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atoms are excitedAby the beam, and when they return.to their
ground state,vthey‘emit*x—rays. These X-rays are most |
intense at a few freqhenciee;,and through use of apprepriate
filters, an approxima ely monochromatlc beam can be |
generated. The most 1ntense X-rays appear as a doublet of
wavelengths, denoted Ka1 - Kaz. (For the copper anode used
in this study, the Ka, wavelength = 1,.54056 nm, and Ka, =
1.54439 nm.) - The igtensity ef Ra; 1s aboutlfwice that of
Kaz. Some monochromators can eliminate broadeniﬁg dge to
this effect but this method was not used here.

Examlnatlon of the Bragg equation (Equatlon 3-1)° w1th
knowledge of the shape of\the sine function 1nd1cates that
for small 1nc1dent angles, Ka broadening_will be small, but
‘as 6, approaches S0°, broadeningfcan_be qhite,large. (The
effeet for standard profiles of the'(3iT) peak of Pt is
large enough'to cause,e,double image of thebpeak.)

”it has been noted that this'bfoadeping is often the
largest‘source of asyﬁmetries in the X-ray profiles, ;hd_
thus it is‘usefui to correct for it before other’cgrrectienSx
are made. It is possible to show that Fourier techniques
can be dérectly used to correct for Ka broadening, Howeger,
the high ahgle peaks also have the,leaet %ntensity'and thus
are the leas; amenable to Fourier analysi#. Numerous other
methods are avaﬁlable; for example'Langfoﬁd [52] lists four.
Slnce curve f1tt1ng technigques are used here tc reduce
countlng errors, curve f1tt1ng is also used to.remove Ka

broadenlng.‘ This technique assumes that the two inCident

o
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beams cause two overlapping peaks of identical shape with
intenSity raﬁips of 2:1,;and separated by a constant amount
as given by the Bragg equation for the different
wavelengths. (fhg méthods mehtioned by Langford make the
same assumptions.) | |

I'n order to analfze broaaening for size, strain, and
.shape of crystallites,‘tﬁe other instrumental effects must
also bevremoved. ‘Fourier methods aré.the most accuraﬁe for
this purpose, but since very detailed information about beak
shape is needed, simpler but less rigorous methods are used
'for most Qorkl
. 'The breadth of the profile may be calcuIatea as the
(,Qiath at 1/2 of the peak height, B,,., or by Ege more

theoretically sound integrated width defined by:

4

B, = Peak _ Area | - 3-5
Maximum Peak Helght

If ohe‘assumes that the: form of the line profile is a
Gaussian distribution function, (i.e. has the general form
of f(x)ta‘exp(-bx?) where x=8 - 6, ) then the instrument

‘broadening can be separated from the broadening dﬁe to other

factors by

(Bm)z. = (B*%)?2 > B2 . . 3-6
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Qhere B is_the width of the pure diffraction profile, B™ is
the measured width of the diféracfion profile, and B* is the
width of”é profile produced by a sample of crystallite size
known to be greater than about TOb nm and with no internéi
strains. ' If the line profile more closely appro;imates the

Cauchy functioh, then -
B™ = B* + B ’ | 3-7

One compromise between these two possibilities which is
recommended by Delhez et al.c [23,24] is to«approximate*EBe
line profile by the Voigt fuhctioe, which is the convolution
of the Céuchy and the Gaussian error fueetions. Delﬁ%z et
al. [24] g&ne emplrlcal formulae for the half breadths and -
1ntegra1 breadths of the pure profile glven the half breadth

integral breadths of the machine and size broadened

profiles, assumlng that both ¢an be approx1mated by the
%/V01gt function.. The method is recommended only if the peak
7 is very well defined.
2 A simpler compromise,is given by Taylof who suggesfs
fhat the geometric mean of the result of Equations 3-6 and
3-7 be used to determine'B. h | |

3.3.2 Size-Shape Broadening &
” . . _ v
‘Many references on X-ray diffraction develop the theory
. .- U . ‘
of how particle size information can be extracted from peak

shapes. For a -sample composed’entirely of identical
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particles of constant depth in the (hkl) direction, Téylor's

results [18] can be written as:
p %

I(s) = K sinz(nst/ sin?(ws) vﬁ 3-8

-1/2 < s < 1/2

where:
/
s = n(2d sin(8)/x - 1) ( 3-9
and:
8 = actual angle 6, *A6
I
N = total number of reflecting planes in the (hkl)

direction
and the other symbols are as defined for Equation 3-1.
The value of K depends on the usual factors (air
pressure, Bragg aégle, concentration of the sample, and the

\

apparatus) as._ well as the size of the partlcles

For a s@mple composed of Np different dfsgrete lengths,

)

each of volume fraction V;, and average distance

/ perpendicular toi%he reflecting planes, L;, the: results of

Delhez et al. [24] can be writteh as: C g
Np- '
I(s) = k \ Vv, 31n 27N, s 3-10

/ L, sin?ns
1:

where k is not a function of the particle size or shape.
Early techniques used to extract ‘information abdut

crystallite sizes involved comparison of the size and shape
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of the diffraction profile of « catalyst with Eﬁgse/of
mechanical mixtures containing known‘quantitfés of metal of
known average particle size (van Nordstrand et al. [9]).
Later investigators (Pausescu et al., [8]) leached the
alumina support away by acids and examined the residual
powder using standard powder technigues. This method has
the disadvantage that the acid almost certainly changes the
nature of the smallest crystallites (many are probably
washed away with or dissolved in the acid solution). Other
investigators [2,5,6,10-16] have used silica supports (which
being ;morphous do hbt Show diffraction patterns, but whicﬁ
do not show bifunctional catalytic activity and which likely
exhibit very different metal-support interactions ﬁhan
alumina supported catalysts).

Several -authors [2,5] have used the 51mple Scherrer
equation which relates the width of an XRD peak to an
apparent crystallite size. if B is the pure breadth
(corrected for instrument-broadening as described earlier)
due only to size effects, expreSséd’in radian -units, then
the volume'average'crystallite thicknéss, <Lv,>, is giveﬁ by

the Scherrer equation, as:

i
~

<Lv,>=(K,\)/(B-cosé) , : o 3-11

where K, 'is a constant approx1mately equal to unlty, and
which depends on the defrn1tlon of B. <Lv,>‘1s:§he thlckness’

normal to the x—ray beam, i.e. for an (hkl) peak, it is the
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‘product of the average number of (hkl) planes and the
distance d; between each (hkl) plane. As such, it is a
function of both:the crystallite size and shape. Note that
thiébdefinition is somewhat different than other definitions
(e.g. Klug and Alexander [20]) which include shape effects
in the Scherrer constant, K,.

The crystallite length>distribution function can be
ektracted from the shape 6f the peéks by a method due to
Stokes [25,26]. The method relies on the superposition

principle and the discrete Fourier transform.

3.3.3'Strain'Broadéning

Previous authors (e.g. Pausescu [8]) aséumea no-‘strain
in dealing with particle size distributions, br, owing to |
the fact that second order reflections usually cannot he
measured accurately enough for multiple order Fourier
analysis of supported noble metal catalyéts, single profiie
analysis technigues have been used (e.qg. Ganesan et al.
{111). This method requires precise knowledge of the
profile shape and a number of assumptions ‘about the nature
of the strains.' These short-comings can lead to erroneous
results, 'especially when dealing with c;talyst&‘with low
metal loadings. | }

It has been hypothesized that strain in low loading

‘catalysts should be very small due to the iaék of physical
distortion of éhe metal in.relatively large pores. However,

. metal-support interactions may contribute to strain. Strain
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broadening can, be separated from s}%e broadening because the
former is much more stronglyvinflﬁenced by the Bragg angle
than the latter. Spherical particles show no angle
dependénce of size broadening, other shapes have only slight
(and'irregular) dependence.
The simplest equation relating strain to the breadth of

the pure profile was developed by Stokes and Wilson [22, 26].

"I1f there are no size broadenlng effects:
B-cot(6,) = 5.0 <e?>!/? ) 3-12

where <e?>'/? is the root mean square strain,

If‘both strain and size broadening occur in the same
sample, two equations for thettwo limifing peak shapes- have
been .developed.. If the peaks are nearly Cauchy in shape,

then:
B-cos(6,) = B,, + B,n-sin(6,) . | 3-13

where B,, is the breadth due to size broadening, and B,, is
the breadth due to strain broadenlng I1f, however, the
peaks are more nearly Gaussian, then:

TN

B?cos?(6,) = B,,2 + (B,,?sinf,)?  3-14

Lengford [22] gives detailed procedures on how to use

the known relationship between the width at half-height, the
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integral breadth, and the Voigt fgnction to extract the

fraction of the breadth which is due to each of the Cauchy
’and Gau551an profiles for peaks that do not approach elther
of the two pxtremes Although By, and B. are known quite
accurately for the first few peaks, it was found that they

- are not k??wn precisely enough for the (311) and (222) peaks
for the method to be of practical use here. However,
plotting the.left hand sides ethquatiohs 3-13 and 3-14
-against sin(6,) and sin?(9,) tespectively allows for
approximate determinaéion of strain and size broadening,

-It«is impo;tant to note that shape effects can-also
greatly influence the broadening of’aifferent (hkl) peaksn
For this reason, it'isvimportaqt to piot at'least'two orders
of the same peak (for example (111) and (222) ) in the

manner described above so that shape effects are not

acc1dently labelled as strain effects.
3.4 Fourier Techniques

3.4.1 Principles
| In order to extract the most- detailed information about
.‘crystallltes from the observed and standard profiles,
-deconvolution of the various broadening effects is
,neceseary. 'The method was developed by Warren and Averbadh
[25] and relies on the superposition prineiple-ahd the
discrete Eoutier_transform. Under ideal conditions, Fourier

technigues can be used to examine the concentration

—
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gradients, internal strain, particle size distribution
function and partiéle shapes. Unfortunately, it is not
péssible in pfactice to separate all of these effects when
they occur simultaneously as may be the case in bimetallic
cataiysts.

The broadened pfofile, h(s), observed as the result of
small crystallite size or non-uniform strain is actually the.
convolution of 2 profiles, the 'pure' peak, f(s); and the
peak due to instrument broadening, g(s). (Recall that 's'

is defined in Eguation 3-9.)

=]

h(s) = {mg(a)f(é-a)da ‘ | 3-15
- {:f(a)g(s—a)dg |
Theerurier Transfofm, F(j), of a funciion f(s), is défined
as: | |
F(j) = (12?5?){:f(s)-exp(Zwisf;ds : / f 3-16

It can be numerically approximated by the discrete Fourier

Transform:
F(j) = (1/V/27). Z f(s)-exp(2mis])-(As) _ 3-17a
.8 ’ i
= As [Z f(s)-cos(jw;)+iZf(s) sin(jw;)] 3-17b

V2m s s
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Fr(j) + i-Fi(j) | Co3-17c

where:

(27S)/(Smx=Smn) ' | - 3-18

£
I

and smx and s,, correspond to the value of s at the maximum
ahgle, Omx, and minimum angle, 6mn, respeétivély. The
Foufiervtfansform is useful because the convolution in
" Equation 3-15 can be'rewritten-as a product or a quotient of

the Fourier transform such as: '

CF(3) = H(3)/G(3) j=0,1,...,J 3-18

J = K/2-1

for K observations of s. Since F, G, and H are composed of
real and 'imaginary parts, the transform of the pure profile

is given by:

Fr(§) = Hr(§)6r(3) + Hi(3)Gi(4) 3-20
Gr() 2 + Gi()?
= Hi(j)6r(§) - Hr(§)Gi(4) 32

Fi(75)
: Gr(3)% + Gi1(3)7?

The pure peak can be reconstructed using:

£(s) = (I/VZW) [ZFr(f)cos(fu;) + iZFi(j)sin(jw,)]  3-22
o i ] |
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It is not normally necessary to reconstruct the pure
peak, howevér, as most particle size information can be
extracted from the discrete Fourier transform of the pure

~diffraction profile (F(j)). 1If the transfdrmsAa;e generated
about s=0=peak centroid, and thére are no non-uniform
strains in the crystals, the imaginary coefficients, Fi(j),
are small and may be aséumed to be zero. 1If all strains are
small, then the.coefficients of 2 orders of a aiffraction
peak (for example (111) and (222) peaks) will be the same
and an area weighted average column length, <La,;> is given

by:

_<La1> = ji'a : . 3-23
where j{ is given by: *®

lim dFr(j)=-1/7, | | - 3-24

j»0 d3

'a’ is defined by:

A= 2a(sin(f,y) - sin(6ma)) o | ' '3-25

Figure 3.1 shows how j; can be determined gfaphically.
The real Fourier coéffiéients of the pure profile are
plotted agéinst‘Foﬁriér number (dopted curve in Figure 3.1),.
If the area of the standard and measured ptofiles are the
séme, Fr(0)=1.0. The solid curvéiis given by‘drawihg the
tangent to\thé Fourier coeffiqient curve as j=0. The
intefcept of thisvtangent with the abscissa gives the value

of 'j;' as given in Equation 3-24.

-
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I

3.4.2 Length Distributions from Fourier Coefficieﬁts

The length distribution funcfion (LDF) as given by
Fou;ier analysis of X-ray ‘data is considerably different
from the particle size distribution fﬁnctions'(?SDF) which
are the result of electron microscopy. X-ray diffracting
measures the lengths of columns of unit célhs pe;pendicuiar
to the reflecting planes. Within a single crystallite,
there is normally a range of column lengths; small lengths
near the edge, and long columns near the midale in the cé;é
of épherical crystallites. This means thaﬁtif.all particles
-are identical, (that fé a Birac delta.function PSDF) the LDF
as ébse;ved‘by X-ray diffraction may be quite compleg and
broad. ‘

It is possible to ektraét séveral{different weightings
of these LDF's. Area weighting meéqs that the LDF is -

wéighﬁed aécording to the area of the reflecting planes of -

I
i
v

< that length (that i's to the X-ray silhouvette of the
crystailite). Volume weightiﬁg reférs to the productvof
this area and the lehgth bfrthe column, It neéessérily
follows that the volume weighted average length is larger
than the area weighted avefage length.

The éolqmn léngth distribution‘functioﬁ céq be

determined from the<Second derivative of these'Fourier

coefficients. The a%ea’weighteq:length distribu%ion

\
v

function (ALDF) .is given by:



where Ca is a constant which is ‘determined from:

38

oo .

fPa(L)dL = 1.0 . ' 3-27
O X
and L = a-j 3-28

Another average particle length which should be

identical to <La,> is: ’ ’ AN
<La;> = ZPa(L)-:L ! o 3-29
Z Pa(L) ' '

A volume weighted length distribution (VLDF) funétion

is given by:

Pv(L) = _§ d*Fr(4) 3-30
' Cv dj B .

where Cv is determined from:

[Pv(I)dL = 1. . ] _ | 3-31
0 .

Another volume weightéd‘average length is given by:

<Lv,> = ZPV(L):L ‘ . 3-32

ZPv (L)
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It is also possible to evaluate a number average particle
. l - N N

length and length distribution function by;

Pn(L) = (1/(Cn-3%)) d%Fr(§) - 3-33
] ——5371— , , .
and:
<Ln,> = £Pn(L)-L | 3-34
ZPn(L) - - . T

Some discussion about the different weighting factors
used in- comparing catalyst parcicle sgzes is in order.
Experts in the field of catalysis (for example Adams et al.
[5]) refer to number weighted averaée'particle sizes |
obtained by electron microscopy, surface_area weighted
average particle sizes obtained by chemisorption and volume
4weighted average particle sizes obtained by X?ray “
diffraccion It has been noted (e.g. Smith [17]), that

except for extremely narrow partlcle size distributions,

‘these welghtlngs would not be expected to give the same

N

e

resylt. X-ray diffraction allows for determination of, these
three weightings. However, 'area' weightihg refers noclto
the ‘urface area of the parhicles as in chemisorption, but
to the prOJected area perpeaglcular to the reflectlng
~planes., If the shape of the particles does not change as
the particle size increases, these two 'area' we;ghtlng
factors should give equivalent results. -If, hcwever,'the
shape changes, (fof example from.raft—like to more

3—dimensional in chafacter), these two are not equi&alent.



The ratio of volume weighted (<Lv,> or <Lv,>) to the area
wéightedf(<La,> or <La.>) is an indication of the range of
particle sizes.

It is useful to note that a relatively breoad width of
the length distribution function may be the result of
particle shape and not of a range of particle sizes. Smith
[17] showed that spherical particles have an area Qeighted

particle size distribution function of:

35

Pa(L) = 2L/D 3=
o
and an average length of:
<La> = 2D/3 ’ 3-36

The.effect of the particle éhapé on average particle size
was.first guantitatively e :mined by Wilson and Stokés;

(See Taylor [18] for a table of the value of Scherrerl
constant for séveral particle'geometriés; In this case,
shape effects are incorporated ifAto the‘constant rather than
in <Lv> as is done in this work.) .The rétio of <Lv>/<La>
for unigized spheres is 1.125. Taylor [18] shows that
<Lv>/<La> of up tb 1.4 may be due solely to such simple
‘particleﬁghapes as tetrahedra, thus great care should be

used in relating <Lv>/<La> to the breadth of the particle

size distribution.
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1

The combined effect of the shape and the particle size
'distribution tb the length distribution function was also
studied by Stokeé ané Wilson and éxpanded by Smith [17] who
showed that the observed profile, Pa(L) is the integral of
the particle size distribution function,~Ps(D),“with the
vshape distribution function coffesponding'to_the particle
"size, f(L,D) where L }efers to the observed length and D
refers to the characteristic;length of the particles:
w el E
Pa(L) = Jf(L,D)+Ps(D) dD : . 3-37
Do - « .

where D, is thé’smallest characteristic length which can
have Eolumns of length L."(F;r example taking D as the
diameter of a ;phere, Do=L.)

Combining the results due to Smith with the assumbtion

that the particle shapes are constant as the particles grow

V] [

gives different results for the final relation between Pa(L)
and Ps(D) depending ‘on the assumed shape: For, all

reflections on spherical crystallites:

d rPa(L)y = -k-Ps(L) 3-38-
a1 | . , | |

Combining this result with-EQuation 3-26 shows thét thezi
particle size distribution caﬁ”be extracted from the thifé
derivative of the Fourier coefficients - which are
unfortunately, vetry difficult to determine. ’
| For cubic crystallites (with Crystallite axes oriented
with the units éells) the relationship‘is even more complex

/

.
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~ because it is highly dependent on the order of the

reflectici. For reflections of the type (h00) :

Pa(L) = L-Ps(L) - | . 3-39

and for reflections of the type (hhh):

d?pa(L) = k,Ps(k,L) . 3-40
e o ) 0

(Note that this reflection réquires a fourth derivative of
the Fourier coefficients to estéblish the particle size‘
distribution).

All refiecgiohs of tetrahedra follow the same general
behaviour as Equation 3-40. :

Although evaluation of Equations 3-38 to 3-40 is not
possible; several generalities can be extracted. For
spherically shaped crystallites, all area weighted Leﬁgth
distributions must pass through the origin, reqch a maximum
and decline to-zero again, regardless of the ﬁaturerof thé
particle sizeAdistributioﬁ, If alchrystallites‘are
tetrahedra, fhe length disfzzbution function must start,ata‘
some finité value at "zero' length, and steadily decline to
zero with incréasing\length. The (h00) feflectioﬁs of the
cubic crystallites behave genéfally as spherical
czfspallites,‘and the (hhh) reflections behave as

tetrahedra.
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3.4.3 Nﬁﬁpfical Techniques in Fourier Analyéis

Fourier methods must be used with great care. Three of
thé most important potential pitfalls are error
multiplication, aliasing, and information leakage.

Numerical methods have successfully been apélied to reduce
‘the effects of these phenomena.

Error multiplication occurs because F(j) is determined
by dividing two very small numbers when j gets large)
(Recall that F(3j)=H(j)/G(j), see Eguation 3-17.) Because of
the shabe of the peaks, as j tends to infinity, H(j) and
G(j)tﬁﬁst both tend to zero. The information about G as =0
is mostly obtained in the region near the peak ‘maximum, ,;
while as j*é,ﬂthe ta%ls of the peak determine the nature of
G. As G ténds to zero (i.e. as/j+m) very small changes in‘
g(s) in the pegk tails can .cause very largé changes in G(3j)
ind even lérger‘v;riations‘in F(j) because H(j) is also
small. Since the LDF is determined by the secbndlderivativé
in F(3j), someAsmoothing“techhique must be used. One
'génerality which can be éxtracted from the'équatidns is that

the varlance of the Fourier coefficients 1ncreases with

harmonlc numbe: as a result of random variations in X-ray

countingescat’ {‘-s. Several methods are used to deal with
this problemw hca hav! vantages and disadvantages.
1. Smoothing the c. x> rofiles:

This has the disadvea. .age of hiding details in the
profiles, and as will be shown subsequently, these

details are crucial if particle size distribution
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information is to be extracted. t

Smoothing the dlstn/butlon function: \&/

The errors are regarded as belng part o%\the proflle,
and the resulting length distribution curve is
smoothed. This method is only possible when there are
very small variances in the background and thus was
found to be inappropriéte in this investigation.
Cunve fitting:

This method has several advantages for this work.
Relatively large errors can be eliminated if a suitable
smoothing fuﬁction.is Qsed. Two close peaks may also
be separated (althouéh distribution information is
'probely not precise, particle length data.can be
'determined.quite accurately). The prinéiple‘
disadvantage  of this method is that the nature of the
smootﬁing function distorts the.particle length
distribution. Previous investigatofs have‘used the
following smoothing functibns;-

a. The‘Von_Laue function: [23]

| f = K,sin’ké/(ks)’ ; S 3-41
This funcfion forces-the lehgth'distribution'function
into a very narroﬁ distribution, and owiﬁgkﬁo its
oscillatory nature, it does not describe the observed
profile very wéll; The function does not allow for
aéymmetries\in the profile. |

b, The Cauchy Prof ile:

= K,/(1 + ks?) ‘ 3-42
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" This is a much better appro#imation.to the observed
size broadened profile (Klug and Alexander [16], Delhez
et al. [23]) but does not describe the shape of the
,lowér portion of the profile.well. it also does not
deal with asymmetries in the profile, and does an
especially poor job describing the unbroadened

'standard' profile.

c. Vogel [27] modified Cauchy profile:

f = K, ‘ 3-43

(14K, (26-28,)2) ¢ ‘ ,\\;,
where 26, and t are also adjustable parameters. This
profile is an excellent function if the length
distribution function is khqwn to be log-normal (Vogel
et alQ\[27]5. This function also does not-describe thé
asfmmetries in the observed profile, and it forces ﬁhe
'léngth aisffibution function into the‘l§g?normal form
with4; characteristic long tail regardless of tﬁé true
Vdist ibution. |
d. ™ Modified Voigt profile:

The Voigﬁ profile, the convolution of the Gaussian
disf;ibution-function ana.the Cauchy profile.has been
suggested by several aﬁthors (e.g. Delhez et al‘[24J)
In order to retain the character of this profile, but
to simplify célculatipn and allow for asymmetfies in
the profile, the folloﬁing function was eventually |

chosen in this work to describe the profiles:
N v
N\
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f =F,(20) + F,(26) 3-44
where:
F,(268) = b '

1 |
[7+ub, (20-28,) 7

F2(20)= b3exp(—Ubu(29 - 290))
and u = 1.0 for all 26 > 26,
U = bs for all 20<26,

Here, 26,, by, bz, by, by, and t are adjustable
.perameters. ‘Thie function also has theiadvantage of
being able to regenerate bimodal length distributioh
functions.

<}

Aliasing occurs when steps of As (or A26) whlch are

" large relative to the breadth of the peak are used \

Informatlon 1s lost durlng the transform, and two p0551ble

peak shapes could give the same Fourler coeff1c1ents. \

~Instead of falling off to zero as the Four;er frequency (3j) \

\
\

increases, alidsed transforms decrease, then gradually

increase to unity as the Fourier frequency is increased.

(See Delhez et al.[23]). The effect is essentially avoided
if steps of A26<0.1 B™ are used.

Information leakage is the result of performlng the

Fourler analy51s over a relatively narrow band of s (or a

small range of angles in 26). As Bloomfield [28] points
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out, truncating the series before its natural frequency
results  in signficant information "leakage". The natural
frequency for X-ray diffraction analysis corresponds to the
range

—O.5<s<0.5
Solviné_for émx and 0,, using Equation 3-9 and substituting
into Equation 3-25, we see that the natural Fourier
frequency corresponds to a distance

«

a=d=interplanar spacing

No resolution is possible below this level.

'Leakage‘changes the shape of the Fourier coefficient
,versus'frequency (3) curve,lby>smoothing abrupt éhanges in
the slope; and byicausing oscillations in the Fourier
~coefficients about-0.0 for high ffequeﬁcies. This problem
becomes ihcfeasihgly significant as the size of the peak
taiis cut off is .increased. | |

Looking at a,relativély narrow band of data, (séy abqut
6 to 12 ° of 26) amounts to looking at the data through a
rectangular kor.bOXCar) window. Fof small particle s{zes,
(where a significant portion of-the area is cut off) leékage
can .be guite large,'but this effect can be reduced by -
hanniﬁg; gr'fapering'the data by’applying the split bell‘

cosine window,.u(k) to the data hm(k), i.e.:

h(k)=u(k).-hm(k)



() - 8

!
. /
\\\_\ ,1(//
~
~u(k)=0.5%(1 - cos(m(J+k~0.5)/M)) k=-J,...,-J+M-1
=1, for k=-J+M,...,J-M . : 3-46
=0.5%(1 - cos(ﬁ(J-k+o.5)/M)> k=J-M+1,...,J
where

h(k) = the hanned data
hm(k) = the measured data
k = the data points, -J<k<J -
K = total’number‘of data points, K=2J+1
J = number of the_maximum Fourier coefficient
- (including the zeroth coeffiéient,.there are J+1
Fourier Coefficients) |
M = the number of hanned data.points at each end of the
window
twfhis window has the effect 6fxreducing the qscillatidns to
essentially zero for Fourier frequencies greater than (J-M)
and also ﬁakes the Fourier coefficient versus frequency
curves mofe closely approximate the curve taken from.the
natural range at lower ffequencies. Tgkéy‘(in [28])

recommended that

0.1<2M/K<0.2
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andvthe lower limit of 0.1 hanning was used in this
investigation. -

One p0551ble solutlon to the problem of leakage which
was not 1nvestlgated would be to apply a f1na1 basellne
correctlon rather than applylng hannning. This correction
would force the peak to zero at 6,, and fmx by subtracting a

straight line from [8mn,f(8,,)] to [6mx E(6my)] from the fit

profile.



4. NUMERICAL STUDIES

4.1 Introduction

| Because of theﬁcomplex”relationship between particle
size and length dlStrlbUthn functlons, the several forms of
broadenlng and the measured X-ray profiles, and because of
the extensive data manipulation required to separate these
effects, computer technigues are essential in the ahaiysis
of experimental:data. Some method_of'smoothing the profiles
is also necessary before Fourier analysis canqbe performed,
and this too is usually done using computer.algorithms.

The numerical methods used are complicated, and
programs are so long that even the most detailed 'scrutiny of
source code cannot be relied upon to trace'ail errors, The
only fea51ble way to verlfy that the methods are accurate 1s
therefore to use test programs to 51mulate experlmental data
closely, and then apply the numerlcal methods to ‘these
artificial data. Many other useful results cah be obtained
using these numerical methods, not the least of which is a
much more thorough uhderstanding‘of X—ray’diffraction
phenomena. ‘ . | ‘ ,

The procedure used was first to numerlcally generate
pure X-ray diffraction proflles from different assumed
length dlstrlbutlon functlons. Scherrer and Fourler
analy51s was ca&rled out on these to test the accuracy of
vthe numerical methods, since several approximations-are used

-

in the analysis of the data.

50



51

The second step was to combine these size broadened
pure profiles with instfﬁmept profiles. This was
accomplished using Fourier technigues. These were
deconvoluted and the reéﬁlting'length distribution function
was ektracted. — ‘ '

Noise eguivalent in magnitude to that which occurs
egberimentally was then added. ‘The 'noisy' profiles were
then fit using the 7 parameter hbdified Voigt functionl‘ The
smoothed functions were then unfolded (using the same
Fourier techniques as were uéed on the experimental data)

.and the resulting length-distribution function was compared>

to the initially assumed LDF.

4.2 Pure Profiles

Thé first check of the numerical method was to generate
the pure diffraction profiles resJ&ting from several assumed
length distributions and‘apply the Scherrer and Fourier
_ techdiques to recover the average length-'and length
distribution functions. |

IFigufe 4.1 shows the.pure proﬁiles for 3 different
length distribution functions each with <Lv> = 10,nm.,.Note*
that moét of fhe LDF information is stored near the base of
the peak, while the width at half height is épproximately
éonsﬁantvindicating that the volume aQerage‘parficle size is
the éame for all three LDF's. | |

The profiles'were generated using program XPURE,

(Copies of all computer programs are in Appendix C.)
(\i

)
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Because of the superposition principle, the integrated area
‘of the pure profile is proportional to the volume of hetal
observed. (In this development, the volume of metal
observed remains constant:as the particle size changes,
which is equivalent to assumlng constant metal loadlng All
of the metal is assumed to exist as crystallites.) The
program uses Eqé;tion 3-10 to weight discrete column lengths
accordlng to an assumed mass-fraction. Profiles were
generated w1th data p01nts at every 0.05° of 26 to match the
precision of the experimentally collected data. .Proflles
were generated for a range of 20° of 26 around the Pt (111)

| peak at 26=39.8 °.

Proflles were generated for partlcles of unisized cubes
or1ented with the (111) plane parallel to the reflectlng
planes. for cubes with sides of length 1, 2, 5, 10, 20, and
50 nm. Using the Scherrer eguation and the measured
half-breadth (found by linear interpolation along the
profile), andvthe integrated breadth (integrated over 20° of
26 using program XINTG) were compared. A summary of -these
‘results appears as Table 4.1 . ' |

For single length input functions, the half-breadth
‘calculation of.everége\size(was within 1% of the true size,
but the average size calculated by the integral breadth !
metnod gradually increased with respect tcsthe ttue size as
the particle size was decreased.. The.calculated average

‘size - about 10% larger than- the actual size for the 1 nm -

cubes, 1nd1cat1ng one of the dangers of u51ng X- ray
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Table 4.1 Accuracy of Several Methods of Determining Average
Length from Numerically-Generated Pure X-ray Profiles of
" Dirac Delta Type Length Distribution Functions

Length _ Scherrer " Scherrer Fouriek Fourier
T <Lv>,, <Lv>; <Lv> <Lv>/<La>
. K,=0.89 K,=1.0 (ideal=1.0)
(nm) (nm) ' (nm) (nm)
50 '50.33 50.08 50.00 . 0.996
20 20.05 20.08 20.12 ©1.003
10 10.03 10.08 10.12 1.01
5 5.01 5.08 . 5.13 . 1.02
- J
\ ,
2 1.99 2.09 2.17 1.13
- 0.99 1.09 - ] 1.41 1.00

techniéues for such small particle sizes.! The errors were
due to truncatlon of the peak talls, and much larger errors
are expected in practice-since it is extremely difficult to
d15t1ngu1sh between a level background and the long peak
talls due to the noise in the data and espec1ally<bverlap
w1th other peaks A. : _

| Proflles were also genénated for several blmodal length
distribution functions for volume average length of 5 nm and

10 nm. The reSUlts for these 51mulatlons are given in Table

~4.2:  Here, 1t can be. seen that while 51m11ar 1ncreases in
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Table 4.2 The Effect of Broadening the Length Distribution /f
Function on the Accuracy of Several Methods' of Determ1n1ng}
Average Length from Pure XRD Profiles ;

CE ._-ny

Length' = True Scherrer ‘Scherrer Fourier Fourier
‘ <Lv>/<La> <Lv>,,, <Lv>, <Lv> <Lv>/<La>
(nm) - . (nm) - (nm) (nm) ‘ ‘
10 1.00 10.03 . 10.08 10.12 1.01
5 15 1.33 12.69, 10-. 11 10.16 1.36
119 : 5.26 18.40 10.43 11.38 . 3.06
5 1.00 - 5.01 5.08 5.13 1.02
2.5 7.5 1.33 - . 6.35 5.10 . 5.18 1.39
19 ' 2.78 . 8.47 5.38 5.74 2.20
0.5 9.5 5,26 ;“, 5.21 6.97 5.26 1.29

'Dirac delta length d15€k1but1ons All lengths are equally
‘'volume welghted (Fog, euample, "5 15" indicates 1/2. of the
volume is 5 nm partlcles, 1/2 is 15 nm, for a volume .average
length of (5+15)/2=10'nm.) . ‘ )

e

error occur for <Lv>) as the size is decreased, the length

calculated by the half helght w1dth shows much hlgher errors

..:‘Y
for . broad part1cle size dlstributlons than for narrow

dlstrlbutlons : Partlcle sizes are always overestlmated w
owing to the fact that the long talls are 1nadequately T
. counted by measurlng ‘the width at half height.

Table74.3'shows the resu1ts for‘Several continuous g"

T

LDF's. One ‘common functlon used to approx1mate the particle

size (or length) dlstrlbutlon function’is the bo§ normal

distribution’ function, given by: # . .

;.P?(L)=L’éxp[—uL‘]/Cv L SR l4-1 D

R
S WLl FHB N

N\



56

m
Table 4.3 The Accuracy of Varlous Methods of Measuring the
Average Length for Several Continuous Input Length
Dlstrlbutlon Functions

. LDF True : * Scherrer Fourier
Type <Lv> Ratio' <Lv>,,, <Lv> <Lv> Ratio'
. ( ’. ¥
Log-normal =~ 4.45 1.28 - 5.27 ° 4.56 4.64 1.20
Gauss-normal  5.00 1.21 5.57 5.10 5.18 1.19
Sphere 5.00 1.13 5.35 5.09 5.16 1.13
Linear ™ 3.85. 1960 5.23 298 .17 1.40

"Ratio=<Lv>/<La>

where Cv is defined as in Equation 3-30 and s, t and u are

Pl . 2,

. adjustable parameters.
The log-normal 1nput function in Table 4-3 was produced
using 's= 3 5 t=1.0, and»u=1 O in Equation 4-2., The

Gauss normal dlstrlbutlon functlon is for a standard

75»nm\ The 51ngle sphere is the length

.- A
/‘ <

‘<Lv>=5:0 nm) . The llnear function decrea=es
' ‘5’/ . - ’ ‘:w"r“ i

S
I

Fourler ana1y51s to determine both <Lv> and <La> was

k;_ also performed”on these arti f1c1ally generated proflles

The program XNUMT was used to perform the Fourler analy51s.*'

e ; The program uses steps of’constant“A °26 rather than steps

Fa

s 8

<



57

A}

of constant As as is strictly correct to'gerform the Fourier

transforms. . (The derivation is given by Equations 3-8, 3-9,

and 3-12 to 3-21.) Because real data has_a constant
'mhaseiiﬁe for only a feﬁ'degrees of;90! and-because of the

, N
o len.jh of time requ1red to;perfofm the Fourier ttmnsform for

3very long serles ,the Fourler analysxs is performed only
‘ « -

\OJer the- range of

6 = Oonr .; 12\ &f 29

Taales 4.1, 45 and 4 3 also show the results of

Fourier analysis of these profiles. Error 1n the calculated

average partlcle 'size increases from about 2% for 10.0 nm
partlcles to as much as 40% for 1 nm lengths. The
theoreblcal minimum observable size p0551ble from a Fourler
analysls of 12° of 26 1s about O 8 ‘nm. The average of <La,>

and <La,> were uSed'to detern e <La> in the measured ratio:

v

<Lv>/<La> whidh'also appear in these. _tables. These are both
naccurate to w1th1n 5% for average lengths greater than 3.0

nm )
':“

Figure 4 2 shows an art1f1c1ally generated length
distrlbutlon functlon and. the LDF. regenerated by taklng the
'Fourler coeff1c1ents in steps of constant A26 over a range

.of 12° of 26 compared to the 1nput functlon The err%rs

introduced by using these steps instead of steps of constant
i Te—— i

As are hegligible. The negatlve initial VLDF (at lengths

~ less than 2.0 nm) is due to., truncatlng the peak at 12° of 26
' A |
‘and“the ‘extension d@‘the ObSérved’VLDF beyond the input VLDF

Lo

is due to leakage.

Y
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,,Fourler coeff1c1ents at high frequenc1es)»the machlne

g;roflle was generated over a range of 2.5° of 26 and

59

4.3 Observed Profiles
The next step in the simulation was to numerically
produce peaks which would be observed for these length

distributions. The pure pro?&les were combined with the

machine'profile generated from:a 7 parameter MVP fit of the

-

'measured machine profile. This resulted in the F8urier

coefficients of the 'simulated observed' profiles. The
inverse Fourier transform was then performed to produce the
profiles.

he normalized coefficients for .the machine profile

T were gemerated by program XFOR. 1In‘'order to eliminate*

a11a51ng\(wh1ch results in unstable oscillations in the

o Ny

mathematlcally expanded to ‘the broader range using the
method described by Klug and Alexander [20].

Program XNUMT performs the jolding; given the Fourier

coeff1c1ents of the machine proflle, G(j), and of the pure

-

proflle F(j) the coefficients of the observed proflle are .

glven by. the complex product’:

s H(3)=F(3) * G(3)  3§=0,1,..:d g2

T

The observed profiles were then generated from these. Fourier

" coefficients.
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The methods of.correctiﬁg for instrument troadening
when using the Scherrer equatlon were tested using these
numerically produced 'observed' profiles. (Since the
fitting procedure corrects for Ka broadening in the observed
and standard.peaks, this effect is not taken into account
here.) Table 4.4 shows a compar1son of the results obtained
by correctlng for instrument ‘breadth QSTﬁg ?ﬁe 3 procedures
,given in Section 3. 3 1. The Gau551an form of the correctlom
is ‘most accurate for all sizes and LDF's but there is some
evidence that Taylor's geometric mean may be better for
particle sizes larger than 10 nm. The accuracy of the
method does not appear to be affected as the LDF becomee
broader for a given average length, | A

Noise of zero %%an and different standard deviations
was added to the observed proflles using program XNOIS. The
profile was then fit- to the 7. parameter MVP functlon
(Equatlon 3-44) u51ng program XFIT The program uses a .
Marquardt a190r1thm which was developed by W. Ball [31] and:
modlfled for thlS program It is 1mportant to note that
‘there are always at least’ two local m1n1ma in the best f1t
;parameters ccufespondlng to, b =() and ba*O These may - or may

R e
not be the best parameter%’ ‘For this reason, the'program

\s.

~starts from thafp01qt . '1};,_;

)

b,=b;=(peak héight)/Z;M ‘flﬁr‘r:

Y



Table 4.4 A Comparison of Different Methods of Correcting
Observed Profiles for Instrument Broadening'

LDF True Pure . Cauchy Gauss Taylor
Type - <Lv>; <Lv>, <Lv>, <Lv>; ‘<Lv>,
(nm) (nm)  (am)  (am) (nm)
Delta 10.0 10.08 12.21 9.67 10.87
Log-ndrmal  4.45 4.56 5.09 4.56 4.82
Gauss-normal 5.00 5.10 5.76 . 5.09 5.41
Delta 5.00 5.08 .- 5,75 5.08 5.41
Delta - 2.00 2.09 2.31 S 2.19 2.25

— R —
' Scherrer constant, K,=1.0, Breadth of sta%dard,profiie
B$=0.0040 radians ‘ R

{ _ .
The last step was to unfold the flt proflle‘wyth the.’

machlne Fourier coeff1c1ents (Equatlons 3 Zd“end 3-21) to
-give the pure coeff1c1ents The two main length
N dlstrlbutlon-functlonsr(area weighted and volume‘weighted)
~were then regenerated from these pure coeff1c1ents. These
operations are performed by program XPROF,

'~ The MVP fitting furiction (3- 44) forces the length
distribution functlon into a relatlvely broad form w1th
elther unimodal or blmodal-narur;; Because of the partlcle
shape contribution to the length runction,.and beceuSe .

electron microscopy has shown that there is a range'of
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}oartlcle sizes, this is not a serious restriction on the
length distribution function.

Figures 4.3 to 4.5 showyseveral dlstributions with
solid lines ahd with the length distribution,functions
extracted usihg the Prbcedure'described above in aotted
‘lines. The LDF's hawe average lengths approaching the .lower
limit of detectability of XRD.’VThesejaverage sizes are
similar to those in the catalysts studied. _Fioure 4.3 shows
the resulttﬁor a log-normal volumevweighted.input function..
The’parameters'in Equation 4—2'are s=3.5, t=u=1.0. Note the
excellent fit.» Figure 4.4 shows tha;results for a llnearly
decrea51ng 1nput functlon The fu%wls poor~at small W
lengths owlng to the sharp dlscontlnu1ty in the VLDF,

Figure 4-5 shows the poor fit which results from f1tt1ng the
Yproflle dde to nisized 6.6§67 nm spheres. Agaln, the MVP
does not handlgfghscontinuitles well. It should be uoted
rhowewer that such’discohtinuities are nottlikely to occur .in
,real catalysts. : | |

The resultlng area and volume average lengths are qu1te
accurate }or all of the input LDF s, even when approachlng
‘the lower limit .of detectability (as in the: linear proflle)
At worst, the error in <Lv> is about 5%, and in <La> is
about 20%. The ratio of <Lv>/<La> which is used to |
approximate- thefbreadth of the'LDF (and 1nd1rectly the

particle size -distribution) in the real catalysts is about

10% too low in the worst case. These results are summarized

in Table 4.5, -
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Table 4.5 Average Lengths Calculated from Complete Fourier
Analysis Compared to the Input Average Lengths

A&

VLDF ~ TRUE | FOURIER
Type <Lv> <La> <Lv> <La>. .. Ratio'’
(nm) (nm) (nd) (nm)
X
. | o ,
Log-normal  4.45 = 3.49 4.57: . 3.84 - 0.932
Gauss 5.00 .12 4.23 3.67  0.949
Sphere  5.00 4.44 5.03 - 4,53 _ 0.989
Linear  ~3.85 2.41 . 4.06 ° 2.85  0.892

'"Ratio = <Lv>/<La> (Fourier)
kj$v>/<La>.(True)

& -

4.4 Conclus1ons from the Numer1cal Study

. Numerlcal study of art1f1c1ally generated pure
diffraction profiles p01nt-out‘several_lmportant‘facts.
“First, the ihtegral breadth gives oreater accuracfnih‘usiﬁg
the Scherrer equation thah does the width measured at half
Iheight . The results of the two methods approach each other
as the dlstrlbutlon functlons becomes nar;oger and width at

.

half helght looses 1ts accuracy as the LDF becomes broader.
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. The accuracy of both methods decrease dramatica%;y for
vlengths”lessﬁthan about 2 nm.

Fourier ana%ysis using steps of 0.05° ot 26 over an
angular bread%h of\i2° of 26 was found to give accurate
resultsl(withinv5—10%)'for area and jolome weighted average
lengths down to about <Lv>=2.0 nm. Errors increased”
significantl§ below this size (<Lv> is;ovérestimated by
'about 40% at,l nm and'completely,unreliab;e at 0.5 dh). CFo.
broad LDF'sl,ngnificant errors are expected.betwec“ the
‘true LDF and the LDF resultlng from Fourler analys. »of the
peak for lengths less than about 2 nm.

" The techniques for analyzing observed profiies resulted
in similar errors at short/lenéths.‘ The curve fitting
"methods gave.Qery good results for‘such realistic LDF's as
log-normal and Gauss—normal but caused~sjgnificaht leakaée
of any LDF with abrupt changes in shape (such as Dirac delta
functlon LDF' s) Another effect of the numerlcal method is
~that the observed LDF's can show no more than uni- or bi-
emodality (tri- and‘multimodality is hidden in the smoothed
1nformat10n) ‘In general prec151on 1n the observed LDF

decreases ag the true LDF becomes more complex.

¥

AR



5. EXPERIMENTAL

The experimental procedures involved heat treatment,
sample preparation, and X-raymdiffractionlruns. Heat
treament of the catalysts in different atmospheres was
performed to determine the effects on the supported etal
It is p0551ble that the support mlght also be affected by
the heat treatments so heat treatments were also performed
on the support materlal aaone‘ The exact shape of ‘the
support proflle is important because it is removed from the
catalyst profile by a weighted suotraction technique which
_.w1ll be explalned subsequently. Table 5.1 shows the
"support$‘ tudred with their heat treatments. Table 5.2

o
blmetalllc catalysts and Table 5. 3 contains the

‘glves th
monometall1c catalysts studled

All the batalysts'were prepared by impregnation
followed by reductlon in flowing hydrogen (see Graham et al.
[29] for detalls) Also included are the results for
ljaverage particle sizes determined by chemisorption Recall
that one must assume partlcle shape (here hemlspheres are

assumed) and adsorptlon st01chlometry (here 1 H atom/exposed

metal atom) to calculate these average dlameters

68
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Table 5.1 éupports Studied (All Alon y-Alumina)

. Vs , T —t -
Identification Pre-Treatment- - Heat Treatment Reduction’
: T Atm Temp Time ' ’

°C ¢ «h
Al 2 cm® 0.8N - - Yes
o ' HCl/g Alon - v . : i
‘. A3-12 0.05N HCl/g - Yes
. Alon -
A3-2° ERRLE = " Yes
A3-3*¢ RN .- _ .. Yes
AS distilled @ - - , ' - No
: . water: R : : e
Al1 oo 0, 800 16 Yes
A12 ’ " " “Hp . 800 72 Yes )
'Reduction is defined as 2 h in flowing H; at 500° C
following heat treatment , -
First Pd&cking o
3Re-run with the same packlng as. A3-1 B

‘Re-run after re-packing the saﬁple

5.1 Catalyst Heat Treatmeht

Heat treatments were carrled out in flowing oxygen and

hydrogen in.a Landberg model 51748 laboratory furnace‘» e

equ1pped with a Thermoelectrlc ‘Selectrol temperature .

-

controller Approx1mately 1 g of catalyst sample was broken

"\ PRI

1nto a coarse powder.b The catalyst was then placed in a

quartz U-tube with quartz wool plugs to prexent carry-over

)

“of fines.

Flowing gas was introduced into the U- tube at a
controlled rate of from 1- 2 ml/s (at STP) " This purge,. was:.
N
contlnued for about 10 mlnutes to ensure that the sample was

9uperf1c1ally degassed. (Any chemisorbed oxygen should form
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Table 5.2 B1metalllc Catalysts Studied (All catalysts
o 1%Pt+1%Ir supported on- Alon) . 4

Ident1frcat10n ‘Heat . - Reduction Chemlsorptlon>,.
o " Treatment' .- T T
T Atm Temp Time . ’ Dlametet‘2
°C . - h A . (nm)
u.“ . 7.
. PI-16 - . fresh® | . Yes . : 3.0
.. PI-2 ¢ 0, 300 16 . v¥es - 3.0
- PI-8, 0, 500 16 . Yes 2 9
PI-12 - .02 600 16 - . Yes . i
R PI-18 .. ' -0, 800 16-. = ' No- = . = 0 ’
o PI-18 O, 806 16 - ~Yes » ;
' | PI-14 .© _ H, 650 16  Tves® L, :
PI-17 = - H, 800 16 - “Yes S G P

"Reductlon is defined as‘2 h 1n fLOW1ng Hz at 500° Cu e

fdllowing heat treatment’. % L7
2Chemlsorptlon iameter’ assumes an, adsorptlon st01ch1ometry
of H/M 1.0 and hemispherical - shape . - % ,
311 samples pre- reduced at SQO C before subsequent o
reduction. _ S L e -
, , _ R
) g
L e STy

o & .
water in the presence of H, at t&% elevated temperatu es’ oi

o

- = . the heat treatment, '&nd should be qu1ckly desorbed ) The

° samples were then heated to 100" - 150° C fpr‘at leasti1

Sy

shour to deSonb water., - The temperature was then set The

.

‘temperature was bontrolled ‘to w1th1n +5 C for all treatments

L
» )

. at temperatures above 300 C

After the heat treatment the furnace'Was opened“and
coollng occurred Gas wés left flowlng untll the furnace

,temperature was.well below 200 ,.C.. Aftef oxygen treatment

samples labelled ’reduced" were eleva&ed to 500° C in

flowlng hydrogfn for g-hours followlng thls treatment. _As
bt . ) - PN e . ’ 3 . B

P b
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‘Table 5{3beﬁometallfh”“§ aLysts‘Spudied

- T "y .
Identification -Co ion Heat ~ ' ‘Chemisorption
‘ , g o o £ Treatment’ o " 5
A RO Atm Temp Time Diameter? Y{nm)
b ) Ll v . .

&‘3\' " v‘ ‘c'\‘ ' ) ! . °C : h .

e,
-t

HP-2 4% Pt/Alon
HP-3 . - S
HP-6 | e
HP-7 o ;o n PR

' ¥ oWy .

1 . AP-1 1% Pt/Alon
- .AP-6 " oo

..AP-8.".

[ AP:Q Y & .

N )Ap"10 s

-1
AP-13

. AP<14 . o

AP~16 =75 " ] e

R R TR

X,

-

23 3313 3143

© e .
.:-‘Vc‘.‘ ' ;A’ :,‘ C ‘ ' ' v .
TAI=A3 e 1% Ir/Alen=
_AT-2 "
Al-4
AI-55%,
AI-8+¢ .7
AI-8°
AI-15%
AI-16

B

0, 800 16 . A"—%@f

3 3 3 3 3 3 3 3

AI<12 . H, 650,46 . 3.

Al-14 . Hz 800 16 R A
'All samples reduced after heat treatment éxéept where noted’
(Reduction is defined as 2 hr in flowing H; at 500 C ¥

. following heat treatment.) . . e
*Chemisorption diameter assumes an adsorption stoickiometry
of H/M=1.0 and hemispherical shape. = = - A ;
’All samples pre-reduced at 500.C before subsequent heat

 treatment. . . . e e g
* "Run before re-alignment . . - e S
*Run after re-alignment o L
°Not reduced after heat treatmen* ' - ’
— H— .
O ¥
‘ - “ .
oS . ’ R -
g T - s
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’ '
can be Seen "the majorlty of .the samples were reduced.

Samples were stored in air after removal. 1In some cases,
Ll . B . .

. . . R . 3‘. e R b ‘e K .
small quantities of quartz wocl were later detected in the

. - r'{ﬁg

a,samples but quartz peaks never appeared in the measured -

'X-ray diffraction profiles, ;’r‘w!’ R
5.2 Sample Preparation. iﬁé', , ) ;pw.-df,.ﬁg' g

TR
i -'l,

B el Ay 3
Approx1mqtely 0.5 g bf catalyst sa&ﬁ&? M@ gced 1n a”
\ Y

L
small mortar and ground”to pass through a 60—120 m;cron,

g
screen. It should og hoted t%at the alUmlza gartacles are T
'much smal_tr thig th;s (1n the prde;.of'3g\to,80;nm), fThe»: iﬁvt
. ‘grlndlnq is. hecessary to prov1de a smooth dlff;aotlon Lo &
surface, to allowArandom or;gntatlon of the cryst&T/ftzs,/’
and go reduoe mi;roabsorotron rather than to reduce crystag
size. & - RS ).
“§ A new sample holder yas developed be _"j
' ex1st1ngg@gtt*ds pro iied 1nadequate 1nten51tx‘
reprodpc1b111ty to allow'subtractlon of the proflles‘ iThe »,
"new sample holder con51sted of a stalnless steel block 0. 5
cm 3/8") thlck into which a dlSC shaped*hole 905 cm
‘i_f3/4 ) in- dlameter was machined to a depth of 0.203cm
(0. 08") The cav1ty wasxfilled with 0. 45'% 0.02 g of
’cataﬁyst (welghed to the nearest mllllgram) .Alternating‘;
4

'tamplng and fllllng_ensured equal‘dens1ty throughou& the

sampie; ‘The surface was smoothed using hand“pressﬁr&'and a
rotating glass microscope slide. .Once compressed, the -

sample could be easily handled.
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5.3“%-ray Diffractior

B3

A Philips typ >W1730/10 X-ray ggﬁé,g:;? 'qu1pped w1th

aJPW1050/707verti " goniometer was u ed. he X-ray tube

(Philipsutype.Pw -233/20) had a copper -anode and & nickel -

filter .which eliminated the'CuKB X-rays from the incident
.

'beam The dlffracted beam was passed through an AMRAY Model

EB 202 GVW- 7794 graphlte monochromater .to reduce the

background radlatlon before detect1on w1th ‘a Ph111ps %

2]

PW1965/60 proport1onal detector. An-;nc1dent slrt width of

o A
1.0°% and a. rece1v1ng slit w1dth of 0,1° were usga

N :
The results were obtalned u51ng a Step scan of 0. 05° of

owntlng 100 s/step (Due to, the extremely”narrbw peaks,

RN

nf flnlte partlcle .size standards were determlned u51ng
. g

O 01° steps ) ﬂThe detector was 1nterfaced with the Chemlcal
I ~

Englneerlng Hewlett Packard 1000 computer systemaand'ﬂata

.was stored on dlSCS with magnetlc tape back up

- 5ata w;% stored a. angle 1nten51ty pa1rs, in the form

.4

of an 1nteger number (100 tlmes the angle degrees of 26)
7

and a real nhmber of 1nten51ty in counts/second calculated

* by d1v1dﬁng the 1nteger total number of counts by the time

R

" per step. Thrs operatlon was perfonmed by program RXRAY
o

- Transm1551on errors resulted in 0 to 5 bad p01nts (out -of

280 data points) in the raw data; These_were always easily

1dent1f1able by a m1551ng dlglt. The points were manually‘

corrected by interpolation between neighbouring peints and

labelled in the data file with an "I" after the correction.
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Scans were carriedout'initially over a wide range of
angles (typicallyv34° to 50° of.20)r "This allowed
~verification of the'~ccuracy of the subtractions by.
examlnatlon of the background far removed from the peaks
For face centred CUblC metals, the-most 1ntens$ X- ray peaks
'correspond to tE@{(111 ‘Miller indices, but the Pt and Ir
peaks overlap with the (222) peak of" the n- alumlna The

31bkametal peak is smaller, but does :ot 1nterfere w1th any
alumina peak.- Using the method described in Data Analy51s
'the)Suppori peak could be ellmated by %erformlng a
p01nt;:.:iqint subtractlon of the-fupport prof1le | |
'(approprlately welghted) from“&he caﬁﬂﬂys@ proflle ‘ It yas.

%
found that the Pt(111) and the Ir(111) peats#gaxe the best

'51gnal to noise, ratlo deflned as:

oo

S/N = Maximum Peak Intensity =~ : 5-1

- —
75 . <)
- Std. Dev. in Background Intensity %
v e
For thlS reason, only the (11.1) and (200) peaks were
. \) :
1nten51vely studled for most %f ‘the samples Except for
<oy ¢ . ’ . .
/;epeatablllty checks,‘only one run was made on each catalyst
- . ' ’ [ 4 : :
' sample. - . v ¥
s, -g‘ T o {Av ;.34 - 2o ,v L .'-' ', g T '7,.-.;.;'_ 5"“‘-"1\; S . o

5 4 ‘The Standard Sample

In order to correct observed peaks for 1nstrument
broadening effects, standard proflles (from. metal with
negligible size~andfstrain broadening).must beegenerated.

1
é

1 . B R .

.
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l,catalystsr

0. O1° of 26/step, each step,b".

~! .
> )/ , ’ O -
. y/ Lon i . o

The ideal standard has the same peak location' X-ray

&
absorption characterlstlcs as the catalysts to be studled

has partlcle sizes greater than*&OO nm, and has no internal

strains. These characteristics were obtained by.mixing 1%
'~plat1num black (produced by the Matheson, Coleman and Bﬁll

Laboratory Supply Co ) with Alon This m1xture was heated

to 70Q;C'for_1 hour in flow1ng Hz to relleVe dnyflnternal

‘-

stralns in the platlnum This’ mlxture h@; Hentacal X- ray
(\
absorptlon charaq&erlstles and peak locatlons to T% Pt/Al 03
e Y . L“

;,‘f

X ray dlffractlon was, performed u51ng step sqans of

_100 s Tong t ThlS was

<

7necessary because the peaks we;euso narrow é%”Slgn1f1cant

1nformatlon losses (espec1ally peak helqht) resulted from

steps of 0.05° of 29 Taylor s microabsorption equatlon

(Equatlon.3-4) was used and the ,area of the Pt (111) peak
for the standards of 0 42 radlan count/s compared to about

O 75 radian- count/s for the catalyst samples to estlmate

o

‘that the standard crystallltes are about 20Q0 nm in

.

d1ameter. : o

e

75

%



6. DATA ANALYSIS

Data generated by the step scans were gathered and

u
4

{ﬁ stored using program RXRAY and were manlpulated u51ng

S

several computer programs The frrst ob]ectlve of thlS data -

G TN,

analysis was to ellmlnate the support proflle effects from‘
the catalyst’pxof;le to give the metal prof1le The next
step was to quantlfy the fractlon*of metal detected ?“h;%
.Exten51ve error anaiy515 was also performed"and attempts

were made to quantlfy the 1ower lrmlt of detectablllty

awﬁglength dlstrlbutlon 1nformatlon was - f,g”

om . some of tﬁe prof!les"a E Q, fﬁ‘*'l»a *;‘2“rﬁr"

/ S s . -
N 9 v

-runs us1ng pure support materlal were averaged

‘".a

to eilmlnate dev1atlons due tQ surface 1rregular1t1es and to

freduce noise due to countlng statlstlcs.u Averaglng was

performed by program XRDAV whlch Matches angles to perform

u i e N NS
. . - ¢

‘p01nE by- p01nt averaglng of intensities. g
e Lﬁ Y o
S .y 3. . B . -

6.1 ﬁemoving the SupportiProfiles
- For catalyst samples; the most importaht correction
required in order to study the metal profile is tovremove
‘the effect of the support profile from the catalyst proflle e
f"Flgure 6.1. shows 3 typical XRD patterns. (The proflles are
separated vertically by 5 c¢/s for clarity.) Profilet‘At is
of pure Alonjsupport material, profiie 'B' isidueqto a fresh
1% Ptf]% Ir catalyst and profile 'C} is the result of a
heavily‘sintered Pt-Ir Catalyst'f The expected centr01d§ of
the Pt anqglr (111) and {200) peaks appear at the top- of th

.~‘- o

- o ,
76 ’
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figure. .It is very difficult to analyze the metal peaks in
these patterns because of the overlap of'the'alumina (222)
peah with the Pt and Ir (111l peaks, and of the alumina
(400) peak w1th the Pt and Ir (200) peaks: ﬁ@ .

The technlque used to correct for thls overlap is a
weightedip01nt by-point subtraction of thepprofale due onlyu

'to the support material from . the profile for the catalyst

U51ng Equatlon 3-4 and the fact that the llnear absorptlon

¥

~coefficient of Pt is almost 10° t1mes as large as”’ that of the

D

alumlna 1n ‘the sample 1mp1y ‘that thé’ratlo of the alumina

s

ol peak 1nten51t1es in the catalyst are less. than those in the

N
W

pure alumlna.

Eg Recognlzlng that ny,., the mlxture den51ty, pm

den51ty of” the support p, are constant, the only
.dlfferences between the catalyst sample and the support
:sample are the average absorption. coefficient, um, the_
support particle absorptlon factor, 7, andwtheﬂ ‘
conCentration'of the support, C. ?or-atﬁxwr 2%'metall

catalyst, C; =A0.985t0;005'and 7;=1.01 (assuming‘that the‘

_-‘Lalumina particles are'about'O 1 mm in diameter) The

k!

-

product of these two terms is. very close to un1ty . The
ratio of the support peak 1nten51t1es in the catalyst to

‘those in tre standards should then be very nearly the ratio

of the llne T ewusorotion coe££1c1ent in the standard to,thatj

‘in the catalyst, If the peaks have the'same shape in both

remove the alumlna proflle from 1% metal catalysts and 0. 907

v
4

® the catalyst and the standard us1ng a welghtlng of 0. 950 to’
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| A7 o
for 2?§§g§ﬁlysts should give good baselines %%#Pthe metal
profiies. " This was verified.

o Iti?as'noted, however, that'thevbaselines after these
weighted subtractions WereAnot zerp withih the noise levels
observed Appllcatlon of a linear basel1ne correctlon (as
recommended by Delhez et al. [24]) of 0-2 couhts/second
produoed baselines much closer to zero intensity. ‘(The
basellnes were in almost all cases hlgher at the lower end
"of the 26 scale ) Thls correctlon 1s probably requ1red
‘because of dlfferences.ln water adsorbed on, the alumina

surfaces between runs. There was also some 1nstrumental

dri®t whlch may account\for somerég the nons 'al baselmnes.
e v " ,5 LR o
. P B :."" 5 ) ! . ‘i\/‘ ;:}l oy . : "l .

/6;2‘Angle Dependent Factors

There are se&eralaSO—called angle dependent factors.
~which should be'eliminated,in a rigorous analysis of X-ray
brofiles (see for example Delhez et al. [23, 24])" These are
‘«collectlvely termed the Lorentz- Polarlzatlopq§aq§or§3and
they appear in square brackets-ln the teqﬁ T, in Equat1on
3431 However Delhez et al [23] point out that these
effects are negl1glb1e for 26 < 30°., It Ywas found that

\

these effects are sma&l for the (111) metal peaks &hd so the'
: Y , :
correctlon was not- made foﬁ peaks in thlS work -

o
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\"t
(b

-
i§ﬁ3 Fract1on of Metal Detected

<Ly

The amount of metal detected by XRD can to & large

-degree be quantlfled. The program xINTG uses the
trape201dal rule to determlne the 1ntegrated areas of the/
peaks. Fg)re orec1se methods were not used because of the
large number of data ‘points, and relatively: large variances
_ bf the.baSelines ) After the'area in the region of the

R -
ST (111) peaks of Pt and It was corrected for catalyst X- ray

‘\.4

I3

absorption coeff1c1ent “and metal concentratlon (agaln using

"’&

Equation 3- 4), this area was compared w1th the averaﬁe

result for several

(\ ‘~:."

" sizes in th# range of 8—50qnm. Th1§@¥atlo is,an’i

" of the fractlon of metalidetectedéﬁ"" S f?
5 The follow1ng procedure was used to determine Kj,,; in

K N

ayequatlon 3- 4 (where 3 refers to elther Pt or Ir). Equation

'3 -4 can be re-wrltten in terms;of a factor, Y': oo

v‘~

%ﬂh-} using vaiﬁes‘of (<u> 'y )54100 crn'1 and R= O and R= 50 nm

e

QJ;Q i?correspondlng roughly to monatomlc‘hetal and to partlcles A |
_ of- aboutf1b0 nm 1n‘dgameter,mthé“ﬁpg%r<llm1t of theg |

Ti ééfsitirity of crystallite'size'determinatdon by X—ray‘iine

:broadening) and an 1nc1dent angle of about 20 6 the

_ mlcroabsorptlon partlcle factor from Taylor ranges from 1.0
! R . . .

to 0.972.

3
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" Within experlmental accuracy, r.'for the metal can. be
taken 'as unity for all catalysts studied (but not for the Pt
black standards). The right hand side of.Equation 6-1

-should thus be constant if all the metal present in'the

catalyst is detected. Noting that:

_—

A .
"l"'f‘? . . ) . ‘ K
il Hoo = (0/P)m*Pm Lo ~ ~ - 6-2
‘w}» . s‘
3 ‘ . ' ’ :
& = Lw/p) Co + (w/p)o (1=C)lpm o
‘ .
, ST e
where subscrlpt s refers to the support ; m to the mlxture
i .7

““End i to the metal It.can: be shown that Equatlons 6 1 and

- - 6-2 reduce to the ‘equation developed by Nand1 et al. [l3] ' &

)

for the ratlo of the 1nten51t1es of the peaks of 2 catalysts

4 |
~ e \
|

with dif ferent loadlngs of the same metal on a g1ven0
\

23
) - .

support. Their equat1on also assumes that r,_1 0. We can

~ now&deflne a new varlable, Y by— . i o “7“'7“a
- . . IR ' DU 3 s
- ’ . ’ ) .".” | N . - .\>‘\, . ‘
, A= I111n(u/p)m a/c, - o u83
fif) [ ] radian-count-cm?/(s- g) A
e : | ﬁl | ) - .
_* o wheré the factor- (/0 ) m is 1ndependent of the sample' EEN
K75 : X o

den51ty, and is a quq&}on only of the concentratlon of
components in the sample. \The factor 'a? is used to,cogrect
N . 2y ., i o ,‘ ‘ ~

for instrumental changes. Slnce.proflleS'run5after the
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-

s $s

. is ¥=2110 c/s with a 95% confldence 1nterval of 161 c/s.
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<

diffractoneter maintenance in Januarv 1983 were about 14%

- more intense than those run before that date, the;factor‘is

set at j.O and 0.86 for runs made before and after that date

, respectlvely

In order to check the hypothe51s that 7, is indeed'

unlty, the parameter Y fs tabulated with <Lv> as determlned

by the Scherrer equat1on for } cat‘l@sts in Table 6. The

=
areas~gerewdeterm1ned‘by 1ntegrat1ng the 7 ‘parameter-

v

modlfled Volqt functlon over the range -O 5<s<0 5.. hese
funct1o%§%;ere“determ1ned by flttxng metal proflles of T

approprlate w1dth u51ng the Marquardt algorlthm in program

R

XFIT ThlS te‘ :que proved much less sen51t1ve to

v

ellne correctlons than d1rect 1ntegratlon.

F

o

dlfferences in, .

The metal proflles to be f1t were genigated by

&

_point- by point subtr§?t1on of the apﬁcoprlately welghted

support proflles from the catalyst prolees, followed by a.

3

aseline correctlon of the resultlng metal proflle
& N .

¥o 50° .of 26, \ oo

.<1~

experlenced 1oss of metal due to vaporazatlon oﬁ Ir03 1s'

con91dered all 8 of the” po;nts where <Lv> 1s greater than R

10 nm‘lle'wrthln,20% of the average.h The average value oﬁvY
. . . . .

|\

. N . IR I \
o Three‘catalysts w1fh vgry small crystallltes show ﬂ.

51gnlf1cant reductlon 1n 1ntegrated area. (AP 16 AP 11

?

and AP 14(show 19% 24%, and 40% . reductlon, respect;vely )

% v

B Thls is ea51ly explalned (as d1d Pope et al. [6]) by

Lol

i

&A"the fact that catabyst A}-IG may well have _ ﬁ%l

C g

Al

R

LEn
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Table 6.1 Determination of the parameter Y ‘in Equation 6-1.,

Catalyst

<Lv,>
(nm)

. 4.6
2.9
3.

28.9

Area’

(c/s)

0.780
0.644

- 0.653
. 0.733

0.527

2.214
2.

193

Time'

Y Used?
s
2240 Yes.
1850 Yes .
- 2180 Yes
2110 . Yes
1760 No
22110, Yes .
“2094 Yes
1810 .Yes
o
. 2488 - Yes
N 1256 No
- 1606 . No-
171&

24X

No . _'

Note: All catalysts reduced. 2hr at 500 C 1n Hz after

treatment.

" 'a' indicates 'run. after re- allgnment in January 1983
re-alignment .

indicates run befor¥
dUsed in determlnlng the average value of Y

[

l“b'

FE I

ey

2

N
S,
Vg

E

'assumlng that about 1/5,

ay

J‘g“

; 6 4 Error Analys1s

.

1/4

"detectaballty (about 2 nm)

’

©

Sk

and 2/5 of the metal atoms

PR

) respectlvely are 1n crystallltes below the lower llmlt of

Errors were studled by comparfﬁg 2 runs of support

materlal (Alon) Wlth the same treatMent

o \l‘/"‘

-

‘p01nt -wise us1ng program XRMD

l

Unscaled proflles

,for several dlfferent heat treatments were subtracted

#

~The resultlng proflles

1ntegrated and standard dev1at1op§¢§ere calculated over| both
Ll

.proflle.

!

"‘ i’

. short reglons (10 p01nts, or 0. 5% of 29) and over the whole,

The dlfference between ‘two profiles’ A3‘1 and A3 3
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appears in Figure 6.2, along with a profile generated by
GAUSN, a Hewlett-Packard routine which produces noise of
similar standard deviation (1.5 c¢c/s) and zero mean.

The auto-correlation coefficients of these two profiles

5,

are plotted in Figure 6.3. The k-th autocorrelation
coefficient of a time series is defined for a series of N

terms, each with magnitude I, by:

!

_k ’
Cv = 1 Z (I,~<I>)(I,,,-<I>) 6-4

Note that C, is ordinary variance. The large value‘of Co
followed by small coefficients for all other k's indicate
tﬂat the noise is truly random. Large coefficients for the
second and ;hird’coefficients followed by a decline would
indicate deviations in alignment from run to run. If
coefficients are large up to say the seveﬁth-to tenth
coefficient, then noise is not random but there are in fact
signifiéant peaks.

Se&eral runs were made on support profiles§po determine
the source of this random noise. Figure 6.4 shbys two
subtracted profiles, one being the diffzre ce béﬁyeen two
runs made without repacking the sample, the other with
repacking the sample holder. The noise is essentially
?Endom in both cases but S=T45-f5F the repacking, while
$=0.76 for the rShE\without repacking. . If the two sources
of‘érror, the variation in the X-ray intensity and the

variation due to sample packing are independent and random,

7

-
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variances are additive (that is total observed variance for
repacking is the sum of squéres of the contribﬁting standard
deviations). The deviationidue to packing is thus S=1.23.‘
Only marginal error reduction is pbssible from slower scan
rates (which correspond to re-running without repacking);
Significant improvements in(ghe signal to noise ratio can be
made using two or thre repacked runs on each“Qf’the suéport
and cataiyst samples.

A sigﬁificant source of systematic error is the éhange
in the support crystal structure with heat treatment.
?igure 6.5 show§ tHe effect of heat treatment on the support
pattern. The C311), (222) and (400) peaks of the alumina
are noticably sharpened by the heat treatment.. The
atmospheré has relatively\little effect on this change.
Fortunately, the majority of this effect occurs at
temperatures at or below 500°C, and relatively little change
occurs above this temperature. Subtractions were made using
heat treated supports where possiblé. However, peaks of 3-4
c/s were sometimes observed fn %the subtracted profiles: It
is aSsumed tﬁat the heat treatment i; the source of these
deviations, possibly with some added effect due to. the
interaction between the supported metal and the support.
This may be due to changes in the support crystallinity, or
to epitaxial growth of the‘metal. It is important tqinote
.that the location of these small 'peaks' is not fixed, but
appears to move from aboét 36.5° of.29 (the expected

location for all y-alumina (222) peaks) to about 38.0° of 20
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'which is about midway betWeen.the Al,0, (222) and (311)
peaké. Thé intensity is variable from 0-4 c¢/s and is poorly
correYated with the heat streatment.

Because of the proximity of the alumina (222) peak to
the Pt(111) peak, peaks with very low intehéity must be
analyzed with care. Since the alumina (311) peak grows
lafger than the (222) peak, this is a useful tool to
distinguish between metal and support peaks for very small

metal peaks.,

6.5 Limits of Detectability

There are two major sources of error which contribute .
to the lower limit of detectability. The first source of
error is random variation in the profilé due to X-ray quanta
counting statistics. This results in noisy backgrounds and
_in uncertainty about the height of the X-ray tails. For the
purpose of this work, the lower limit of "significant
profile intensity' due to gtatistical variations is taken to
occur when the 75% confidence inter§al for 10 raw data
points about the fit curve crosses zero intensity.

Recalling that the 75% confidence interval is given by:

C,s=1.15S/yN . 6-5
where:
N = 10
S = 1.5 ¢c/s
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. Substitution inﬁo Equation 6-5 gives Cs;s = 0.55 c/s.

N
Thﬁs.any information.about length distribution functions
derived from the peak tails léss than 0.5 c/s intensity isi
vefy imprecise at best. This\valug can be improved upon by
using lonéer-stepxtimes aﬁd.}epécking sémples foilowed by
profile>avéraging.

The other principle source of uncértainty relétes to
the fitting function.’ Owing to'the étrong emphasis placed
on the intense regions of the'peak, (since fiés are made
<:about the centroid of the peak for only a few degrees around
the peak) the tails give very little information to the fit.
Relatively large errors (eaéily of the order of 50% of the
profiié heiéht at 3° of 290 from the centroid) do not add
significantly to the sum of the squares of'the errors. For
this reason, a lower limit of significant profile intengity
due to the parameter fit” could be defined as some fraction,
say 1% of the maximum peak height. |

It is frequently stated,_kfor example Ganesan et al.

L]J] and Sashital et ai. [10]) that the first two or three

.Fourier coefficients are not used in determining the length
distriﬁution function Que to errors in the baseiine. The
Fourier analyses carried out about '12° or 24 ° of 26 give
information in increments of about 0.78 and 0.39 nm

respectively. This means that at best, the lower limit of

detectability is 2a 0.8 nm (see equation 3-25) for a

Fourier period of 24° of 24.
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However, as Delhez [23] points out, this is due to
incorrect baéeline correétion, causing the weli-knéwn "hook'
effect in the Fourier coefficients. In this condition the
second derivative‘of the Fourier coefficients is iAitial]y
negative. (This would correspond tb a negative LDF wﬁich is
not possible.) The correcgion normaiiy made for this
condition is linear~extrapalation of Fr(j) to J»0 from the
point where dFr(j)/dj = 0. This amounts to 'zeroiﬁé' the
LDF for very small lengths. It immediately defines the
lower limit of detectability. Because of the fit function,
this zeroing was rarely required for catalyst metal
profiles. |

There are also limits imposed by numerically evaluating
the second derivative. The difference formula used in this
work used 4 points to calculate the second‘derivative. It
was observed that this method produced less oscillatory
behaviour than the simple céntral difference formula (which
uses only 3lpoints) at high frequencies. It has the |
disadvantééé_of smoothing some of the information in the

profile over 4 Fourier numbers rather than 3. The formula

used was:

14

d2Fr(4+1/2) Fr(j—1)—Fr(j)—Fr(j+1)+Fr(j+2) 6-6
dj* ] 2 _

This imposes a lower limit of detectability of L=1.5a which



.

corresponds to 0.6 nm for a Fourier range of 24 ° of 28.

Note, however that in almost all cases, the two prevxously‘

/

;’,
mentloned lower limits of detectablllty are at larger’

lengths than the limit. imposed by the numerlcal(meﬁhod

ThlS means that although we can calculate LDF's dowh?to ; §§"
o A IR

—_— ).

[

L=1.ba, thcy are of questlonable value, NLn e
Figure 6 6 and Equat1ons 3 21 and 3= 25 give a geometrlc“‘

just1f1catlon for the rule of thumb that the first three

Fourrer coeff1c1ents should not be included invany length

. distribution’analysis. The lower'limit'of the‘narrou

period, R, —6° glves a lower limit of detectablllty‘of about

1.6 nm.. It also demonstrates that for catalysts Wlth large

particle sizes, muth hlgher lower 11m1ts of detectability

should be used than for 51m11ar loadlng with smaller

particle sizes. A final regson that small metal clusters

lcannot be detected is that they lose metalllc character as

the number of atoms in a cluster is reduced There is

_controversy in the llterature about exactly when thlS

occurs, but it is clean that when a cluster is smaller than

the lattlce parameter of a unit cell (0. 392 nm for Pt, 0.384

nm for Ir) X-ray dlffractlon no longer obeys the normal

laws. It is possible that metal clusters exist_on support

surfaces ln layers-as thin as 1 atomicvlayer. These would

not be detectable using XRD.
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7. RESULTS

¢

7.1 Introduction
‘Many different insights were drawn from the X-ray
diffraction data. These have been arranged in order of

decreasing certainty.

The effect of heat treatment on partlcle size and the

<)

nature of the alloys whith exist in bimetallic catalysts was .

‘investigated qualitatively. It is very difficult to be
quantitative about this because the broadening effects due
to coﬁcentration gradients within‘the metal particlés are ~
superimposed on the size broadening effects. The next
sestion deals with quantitative average sizes'— weighted
both’by area and by voLumé/ The p0551b111ty of straln .
broadenlng, and the effects of shape on apparent partlcle
lengths is-given for one catalyst. The ratio of_thesg
.weighted average sizes gives/information about the bréadth
of the PSDF. The LbF was also extracted for several of the
heav1ly loaded catalysts and it, in‘combination with some

| assumptlons about the typical particle shape gives much more

detarled information about the PSDF.

7.2 Phase Studies

| Figsre 7.1A shows the influence of heat treatment in a
reducing atmosphere (flowing H,) on the bimetallic Pt-Ir
catalyst. The support profile_has been removed by the

point-by-point subtraction procedute described in 'DATA

95
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ANALYSIS'., The peak corresppnding to the (111) metal plane
" shows that the frlesh catalyst hag strong platinum character.
However, as the temperature of heat treatment increases, the
peak moves toward the location of the Ir(111) peak. This is
more clearly shown in Figure 7.1B which is the (unscaled)
point-by-point subtraction of the fresh catalyst profile
from the profile of the heat treated catalyst. The decrgaée
in intensity of profile 7.1B (3) at about 39.8° of 26 and
slight increase in intensity of this profile at about 40.5°
of 26 are clear indications of this shift.

Figure 7.2A sho;s the effect of heat treatments in an
oxidizing atmosphere. (All of these samples, were reduced in
hydrogen at 500 °C for.2 hours after the heat treatment in
tlowing oxygen.) The oxidizing heat treatments show much
larger changes than those treated in reducing atmospheres.
The effect is also opposite: insfead of becoming more
lhomogeneous, the Pt-rich and Ir- .ch -lusters-—tend
increasisgly to separate with ir-reasi-g temperature. The
effect appears to be much greater .n the iridium than on
platinum at 500°C and 600°C. Figure 7.2B shows these
changes more clearly by showing the point—b}—point
sﬁbtraction of the fresh catélySt profile from the other
profiles. Essentially no effect is observed .after 16 hours
in 0, at 300°C, but for 500°C, large Ir clusters have formed
while the platinum-like particles have reduéed in size.

Upon treatment at higher temperat%res, both types of

crystallites increase in size. However, at 800°C, the

-~

¢
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intensity of the peaks from the iridium-like profiles is
smaller than at lower temperafures. This is probably due to
the evaporation of Ir as IrO,. Solid IrO, has a significant
vapour pressure of IrO, at these temperatures in the
presence of oxygen (Schaéfer [(311).

A final group of subﬁracted profiles is shown in Figure
7.3. These profiles are the result of three catalysts
treated at 800 °C for 16 hr in fiowihg oxygen, but not
reduced after heat treathent. Profile 7.3B is due to a 1%
Pt catalyst which shows the'large Pt crystallites which are
the result,of this treatment. Profile 7.3C is from a 1% Ir
catalyst. Note that no Ir metal is detectable, but that
peaks occur:in the location of IrO, crystals. Fignre 7,3A
shows that the bimetallic catalyst looks very much like the
separate (and independent) sum of the other two catalysts:
Pt exists as large Pt_cryétallites, Ir exisfs as large IrQ,

crystallites.
7.3 Strain¥Shape'Effects

In order to show that internal strain is negligible, a
4% Pt catalyst (HP-3) was chosen for multiple peak analysis.
This relatively high loading was necessary in order to
reduce the relative errors for the higher order peaks such
as the (311) and (222) peaks which have low intensities.
The'péaks were firgt fit with the 7 parameter modified Voigt

function, and the integral breadths were compared. Three
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numericallruns were made on the (220) peak, using ditferent
assumptiéns about the background, and although considerably
different MVP (Modified Voigt function Parameterﬁ)“reéulted
from each run, the height, half-width, and integral breadth
Qere always within 0.5% of the average value. The éauchy
and Gaussian proportion of the breadths had large deviations
(in the order of 20%), so Delhez's method for removing the
ﬁachine broadening from the beaks was not used.
' The apparent yolumeigverage lengths for the first S
reflections of ca;alyst HP-3 appear in Table 7.1. The
profiies were corrected as pure Cauchy and as pure Gaussian
(Equationé 3-7 and 3-9) and the geometric -average pure
integral breadth was used in the column titled 'Taylor'.

The ratio of maximum length tb minimum length is about
1.2. The Scherrer*constaht for different shapes shows a
magimum ratio of about 1.4 for tetrahedral geometry (Taylor,
[18]). The relative méghitude of the Scherrer constant; K,,
1s not the same as that calculatéd for tetrahedra by Stokes
and Wilson, however, £his depends on the plane which is
chosen tb be the base of the prﬂfm. It is cléar from the
results, especially of the (111)2gelative to the (222)
peaks, tﬁat there is only slight (if any) systematic
increase in fhe breadth of the peaks with increasing order
and thus microstrain in the Pt crystallites is negligible.
Furfher shape studiQ§ were not carried out because of the

large number of planes possible and thus the complexity of

the problem.
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Table 7.1 Size-Strain Analysis of Catalyst HP-3

Peak Breadth Length by different Methods
B™ <Lv,>nm

(radians) Cauchy Gaussian Taylor
(111) 0.01549 14.3 11.0 12.5
(200) 0.01532 14.7 . RS 12.9

, o .

(220) 0.01998 11.8 9.5 10.6
(311) 0.02259 2.8 9.4 11.0
(222)° 0.01852 . 15.6 11.8 13.5

' Estimated B*=5.0 x 10°° radians (large relative error
expected) . d

Figuré 7.4 expresses the same results in a different
manner. This figure shows plots of Equations 3-13 and 3-14
as described in Section 3.3.2. One of the main cong}usions
of Chapter 4 (Numerical Studies) is that the Gaussiag'
correction is more accurate than the Cauchy correction.
.Since the slope of the least squares fit of the data in
Figure 7.4 (B) is nearly zero, we can conclude that there is
no strain in the crystallites. Recall that the ordinate

intercept is related to size broadening as given by

Equations 3-13 and 3-14,
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7.4 Particle Size

The average length information extracted for
monometallic Ir and Pt catalysts appear in Table 7.2 and 7.3
respectively. Figure 7.5 shows the area average length
plotted‘against the average diameter determined by
chemisorption. Chgmisorption reéults were obtained‘from
.Graham [29] and Fiederow et al. j32]; With some notable
exceptions, the ratio of <La> to D, is about constant D,22.0
nm. Note that relative deviations are larger at small
particle sizes. This indicates that the stoichiometry and
particle shape are probably constant (or at least any
changes are self—toméensating) for ﬁhese particles. Also
plotted are the expected cur&es for several‘different
assumed stoichiometries and particle shapes. Assuming.a
stoichiometry of 1.0 < H/M < 2,0, spherical, hemispherical,
and cubic pérticles all fit the observations, while
tetrahedré have <La> too short relative'to D, to be
possible. If randomly oriented hemispherical particles are
asépmed, then the stoichiometry is H/M=1.64. It is
important to note that the metal concentfation is nét known -
very accurately; This may cause additional errors in the
interpretation of these results. '

One area which is interesting fo explore.is the points
which do not fit the curve. These 3 points are éll
monometallic platinum catalysts treated in 0, above 600 °C.
One possible explanation is that there is some éhange in the

absorption stoichiometry at least partially responsible for



105

SZ-€ Uojienb3 Aq peuisep s| e saaym eS8 1=A31119R190390 40 34w samots g q- 1,

[e]

w
e ) - -
WWNNNNNNN

QO ™ ™ + v = o -

<RI>/<A> Qe

v

S'C. ) vz vz o'z

e L'Z Lz L'z

O'vi ¢ 0z g 6°G

6°C} 6 bl z'8 6

€°Ci 22NN b'g '8

S°6 L6 9°g z'g

81t 6 04 8'g 09

oz 01 8'0 01

[ 4= L v St
b <'AT> <'AT> <teqs <‘e>

TL'O
0S°0
€8'0
S6 0«
86 ' 0«<
56 0«
S6 0«
s8°'0
L O

P83128yeqg
uo|yoeuy

vi-1v
Zh-1v
9l -1v
c8-1vV
18-1v
S-1v
b-1v
Z-1v
€1-1v

isAieye)n

(wu uy suyiBuay

Lly) sisArered ‘g’(v/uryy dll1elewouon 4oy sez)g ®1t11e3sAuy ebeusay z ;4 o(qe)



106

GZ-¢ uojienbi Aq Paul jep sy e eueym ‘@G | =A3} 1 1qeidelag 4o 11wy a8mol="qg 7' 7,

v6 c' it 9:8} L2 v'8 Tl 88°0 9-dH
ZE" L (A 90} 8 0} ) 9L §6°0< ‘€-dH
6€ 4 [ 6 01t [e 2 6°9 g8 96 "0< T-dH
80 9°0 €'C | 34 . §°€E L E C6 0« L-dH
167} [} SN 4 8¢ [*ir4 9'C £8°0 9} ~dv
[A R} [ ES b 19 ¢ o€ | 6°¢C L0 vi-dv
881 [AY E8 € [Xo RS 4 (0730 4 80°Z [ Ae] €l -dv
9% 9°'0 8 v I16°C s8°z 80T 8L°0 b ~dv
0] S 4 [ [ 4 6°'8C [ L€} §6 0«< O} -dv
€Tt [} 6°6 8'g v'S 8°6 66 0< 6-dv
A ') s'8 L' L LS [0} Z8' 0 8-dv
vy z 9°'0 [ 24 [ 4 S 614 €G6°0 9-dv
6C°¢ 90 L€ v'E [ L} | 4R ¢} } -dv
’ (wu) . pa8idejeq .
Am._V\A\V.v o <A <'A> <'‘e> ) <'e> uojioedy . 1sAleyen

sisAleie) ‘0°(y/14 %p pue ‘0'1V/3d%L o1 1e3awouoy uoy S8ZIS @4 119¥sAud abeuaay g, aique)




© 107

§9Z1Q coSQuoﬂEmao pue fei-y jo aoﬂuwmﬁoo Gl MMDUE

(wru) sq GoSQuoﬂEmno 4Aq 19jawrerq
02 AL AT 1 ot ] 9 ¥ 2 0

1 " 1 N " M 1 " 1 " 1 M - | " i " 1

Uory/I L1 v
aory/3d %1 © . _ O
QO?.\#M %y O

VIV TVININIdEdXA v

sroudstmey g7 d
q - exeydg o1 5
: ereudstmmey oz g
exouds oz v

odeys eyneIsay /g eatn)

v | - SATHSNOLLVTIY TVOLLFIoFHI]

2t o1
(wu) <e1>‘qidue aSn.xaAy BaIy

14}

9T



108

these deviations. However, this can be disputed by the féct
that deviations lie on both sides of the curve. It is
important to'hote that the catalysts with significantly
higher <La> than the curve also show a larger <Lv>/<La>'
ratio and the problems may be due only to the broad particle

size distribution,

7.5 Tﬁe Length Distribution Function

As has been previousiy mentioned, the ra;io <Lv>/<La>
can be used as a simple indicator of the breadth of the
PSDF. The broader'the LDF, for a cénstanﬁ particle-shape,
the larger the ratio. However, evén for a Dirac delta‘type
PSDF, the raﬁio changes as a result of particle shape. The -
ratio is 1.0 (the theoretical minimum) for correctly
orieﬁted unisized cubes, 1.12 for spherés,'aﬁd 1.4 fér
corfectly oriented tetrahedra. One can imagine shapes
‘having even large <Lv>/<La> but since the metals seek té
minimize their surface{area,'these are not very ‘likely. The
calculated ratios are aaso guestionable at loQ avérage
lengths. .Figure 7.5 shows thét the error in <La> caﬁ easily
be 50% for small particle sizes. One shbﬁid be skeptical
about <Lv>/<La> in such cases, although it was shown in the
numerical analysis tha; <Lv>/<La> is more accurate in these
cases than either <Lv> or <La> alone. |

In general, for Ir catalysts, it appears that the PSDF

‘becomes broader after oxygen treatment and does not change

much for H, treatments. .The fresh and lightly sintered Pt
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catalysts show much higher <Lv>/<La>. This may be due to
strong metal-support interactions causing some raft-like
structures. Oxygen treatment at 600 °C seems to cause
narrow;hg of the PSDF while at higher témperatures, broader
PSDF's are observed. ‘Hydrogen ﬁreatment has less effect on:
the LDF with'<Lv>/<La> béing about 1.5, for most cases.

Figure 7.6-.shows the area and volume weighted length
distribution function for the (111)iprofile of catalyst
HP-3. The shapés are typical of thei(111) profile of all

T ) .

the catalysts.studied. '}br the ;rea weighted LDF, an
initial maximum occurs’ at about 2.0 nm (corresponding to
about the fourth Fourier caefficient),,and is followed by a
more-or-less steady decline (or in‘some cases, a much lower
‘ local maximum) to zero ét large (here about 25 nm) lengths.
This initial maximum was firgt believed to bé caused by
particle siie distribution, but is now believed to be due to
particle shape. The volume weighted LDF shows more emphasis
on the largér lengths, and so is more freqﬁently unimodal.

One boséible explanation for the initial maximum in the
area weighted length distribution fun#tidn is that it is
eﬁéirely spurious, i.e. the .shape of éhé LDF is due to the
fittingffunction far from the centroid of the peak where the
error bf.the.curve fit can be felatively large. This
objection has been dealt with in some detail in Section 6.3
as part of ghe discussion of the lower limit of

PR |
detectability.
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The shape of the LDF ?ﬁ apparent even up to lengths of
as high as 5 or 6 nm whiEﬁ\Eorresponds to an integral
breadth of aBbut 2° of 26 (sdiving for B in Equation 3-10)
and to a range of about 1.6° of 26 (éolving for 6, and 6,.-
‘using Equation 3-21). This behaviour is clearly not an
artifact of the fittiﬁg function.

The same:fit proceduge was applied to several
vartificiglly generated ’ﬁbisy' profiles as part of the
numerical check. Since Several differen§ LDF's were
successfully regenerated, this shape is not solely a result
of the curve fitting.

A second possible explanation for the repeated shape 'is
that the particle size distributioné‘actually do maintain a
large number of small particles for all cases. Since the
raﬁio of <La> t; D$ remains fairly constant over a wide
:range of particle sizes, it can at least be inferred that
t e pa. ~ le shape does not change greatly as the particle‘
S. ¢« changes. Howéver, there could be sharp “edges on'the
- crystals to a fairly large length which would giQe rise to
this kind of LDF. It is probably not possible to infer
which possible cause (shape, or a large number of small

particles) actually caused this shape of the LDF.

7.6 Summary of Results
For bimetallic catalysts, X—réy diffraction is unique
among the common experimental technigues in that it can show

the nature of the phases presént. This ability allowed



demonstration that oxygen treatments at elevated
temperatures .cause separation of the Pt/Ir phases while
h&drogen treatments‘do not. It was also possible to show
that the mechanism of this change is the formation of large
1r0, crystailites.

X-ray diffraction can also be used to determine
particle size and shape information. Although results of
shape studies are inconclusive, the size information
correlates very well with that obtained by chemisorption for
<La> > 2 nm. It is not possible to determine the exact
stoichiometry or particle shape from these results due to
the overlapping of the two effects. The shape-strain study
of one catalyst demonstrated negligible strain but the
variations in <Lv> for different (hkl) peaks were small but-
measurable. This tends to point to approximately spherical
(or hemispherical) particles.

The particle size distribution function is so closely
tied-to the particle shape that it is difficult to separate
one from the'dtﬁer. Some‘generalities can hoﬁever be drawn
about the breadth of the PSDF. For both Pt and Ir, hydrogen
treatment ﬁas less effect on both the avérage-size'andvon
the PSDF than oxygen treatment. For platinum, treatment at
about 500°C seems to broadeanhe LDF while the LDF is
narrowed by-treatment at 600° énd above. By implication,

assuming constant particle shape, the PSDF exhibits the same

characteristics. ' “



8. CONCLUSIONS

The most important development in this work is the
technique used to eliminate the patterns caused by siightliV
crystalline‘supports from the peaks due to thé metal in
observed catalySt patterns. This technique involves the
weightgd point-by-point subtraction of the support profile
from the catalyst profile followed by a linear baseline
correction. wfthout this technique, analysis of the metal
profile would be impossible.

The most valuable new data which can be extracted from
thése X-ray patterns is the phases which are present in
bimétgllic catalysts. It waé shown that oxygen treatment
tends to cause growth of large.Ptdand Ir crystallites while
hydrogen treatment at similar elevated temperatures does not
have this effect. |

Quantitative information‘about particle sizes can also
be extracged from these metal profiles. While the different
weightings produced by electron microscopy, chemisorption
and X-ray diffraction are well documented, it 1s not common
knowledge that number, area, and voluhe weighted average
crystallite lengths can be eXfracted from X-ray diffraction
data alone.’ By making reasonable assumptions about the
crystallite shape, (as is necessary in chemisorption) these
average crystallite lengths are easily converted to average
crystaliite sizes. Refgrences to the large effect that
particle shape can have on this conversion are also uncommon

in the catalyst literature.



114

Numerical techniques were used to identify the
preferred techniques for the analysis of XRD profiles.
These include the use of integral breadth rather than width
at 1/2 of peék Height, and instrument broadening correction
assuming Gaussian profile shape for the Scherrer equation.
A curve fitting technique combined with Foprier analysis was
found to give accurate information about crystallite size
do&n to about <La> = 2 nm. The Fourier method does not fail
to resolve sizes smaller than 2.0 nm, but accuracy decreases
significantly for sizes below 2.0 nm. -

It was shown thét‘<La> measured b} Fourier analeis bf
the fitted metal profiles correlates well with the diameter
derived from chemisorption for <La> 2 2 nm. However, owing
to complexities in the relationship betwéen <La>, particle
shape, and stoichiometry of adscrption, neither adsorption
stoichiometry nor particle shape can be uniquely determined.
One reasonable hypothesis is that particles are hemispheres

with adsorption stoichiometries of H/M=1.6.

8.1 Future Work

In addition to covering the details outlined in this
Awork[ future investigators should consider the following:

1. Use of supports with the same heat treatment as the
catalyst sample to correct for supp@rt effects.
Alternétively, a bank of support profiles could be
collected and a weighted average based on both’time ana

temperature treatment could be used to simulate the
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catalyst support.

2. Much more detailed attention should be paid to water
vapour adsorbed on the sample. Dehydration at elevated
temperatures before each XRD run might be necessary.

3. Evaluate the the effect of air pressure on peak
intensity to determiné whether measurement of and
correction for aif pressure variations is valuable.

4; Especially for runs with low metal intensities, at
least two runs with repacked samples should be ayeraged
before analysis of X-ray data. |

5.  Use of a fast .Fourier transform algorithm to allow use
of longer series and prédnce less nﬁherical error.,

6. Correctfon of the angle dependenf facto;s in the X-ray
_diffraqtion‘profile’should he considered. Tnis 1is
éspec{;lly trué if more detailed study of different
peaks is performed in order to get imprbved LDF
information. |

7. X-ray diffraction results shbuld be compared to -those
obtained by electron microscopy to furthér verify £hese
methods.

If the other experimental errors can be reduced by the

methods described above; less curve’fitting should be

necessary. Curve fitting of 9nly the peak tails should

allow more accurate determination of the length distribution

functions.



9. NOMENCLATURE

!

In this section, the first use of the variable with the same
meaning as the definition is given in parentheses. Brackets
indicate units, while unitless expres&ions are indicated by

[-1.

Ca
Cn

Cv

Latin
dummy variable of integration (Equation 3-15) [-]
Fourier length (Equation 3-25) [nm]

factor to define changes in monochrometer
intensity (Eguation 6-3)[-]

irradiated areaJ(Equation 3-3) [m?]

fit parameters, i=1,2,3,4,5 (Equation 3—44)[-]

w
aJ

breadth of X-ray profile (Equation 3-6) [radian
261] .

peak broadening due to crystallite size (Equation-
3-13) [radian 26] :

peak broadening due to crystallite strain
(Equation 3-13) [radian 26]

concentration of component 'i' in a mixture

(Equation 3-4) [-]

constant (Equation 3-26) [-]
constant (Equation 3-33) [-]
constant (Equation 3-30) [-]

116
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distance between. interatomic planes (Equation 3-1)
[nm]

characteristie crystallite size (diameter for
spherical crystallites) (Egquation 3-35) [nm]

charge of an electron (Equation 3-3) [C]

root mean square crystallite strain'(Equation-

1 3-12) [-]

;fitting function (Eguation 3-41) [-]

structure factor (Equation 3-4) [-]
functions, i=1,2 (Equation 3-44) [-]

shape distribution function corresponding to
length L, particle size, D (Equation 3-37) [-]

functional form of the.purevpeak (Equation 3-15)

[c/s] ,
Fourier t:ansform-of f(s) (Egquation 3-16) [c/s]

functiénél-form of a peak broadened only
‘instrument effects (Equation 3-15) [c/s]

Fourier transform of g(s)A(EqUation 3-16) [c/s]

functional form of a peak broadened by both

instrumental and particle effects (Equation- 3-15) -

lc/s]

Fourier transform of h(s) (Equation 3-16) [c/s]

A - hédnédVintensity at point k (Equation 3-45) [c/s]

measured intensity at point k (Eguation 3-45)



I(s)

Ixyzi
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[c/s]

intensity of X-ray beam in a sample (Equation 3-2)
[J/m? s] :

integrated intensity of an X-ray line (Eguation
3-3) [J/m s] -

intensity of X-ray line profile at dimensionless

"~ distance, s (Equation 3-8) [c/s]

integrated intensity of X-ray line profile,
[radiafl 26-c/s]

Fourier number, j=0,1,2 ... J (EQuation 3-16) [-]
4

intercept of the initial Fourier coefficients used
to determine <La,> (Equation 3-23) [-]

maximum Fourier number (there are J+1 Fourier
coefficients) (Eguation 3-19) [-]
various constants (Equations 3-11, 38, 39, 41)

data point counter, -J<k<J (Equation 3-45) [-]

constant defining the magnitude of the X-ray peak

~(Equation 3-8) [count/second]

various constants (Equations 3-41, 3-42, 3-43)
Scherrer constant (Equation 3-10) [nm]

constant defining the peak height of the X-ray
peak for Miller index (xyz) corresponding to the
i-th component-.in a mixture (Equation 3-4) [radian

~26-count+cm]

Length in length distribution function (Equation
3-26) [nm] v '



A

W
A

<La >
<La,>

<Lv,>

<Lv,>

z
e,
]

]

v

ith length (of volume fraction, V,) (Equation
3-11) [nm]

area weighted average crystallite length (Equation
3-23) [nm] : '

area weighted average crystallite length (Equation
3-29) [nm] ‘ ' :

volume weighted average crystallite length
determined by Scherrer equation (Equation 3-10)
[nm]

volume weighted average crystallite length
(Equation 3-31) [nm] :

mass of an electron {(Equation 3-3) [kg]

term in temperature factor for the intensity of an
X-ray peak (Equation 3-3) [-]

number of hanned points at the end of each hanning
window (Equation 3-46) [-]

order of reflection (Equation 3-1) (-]

number of reflecting planes in the (hkl) direction
(Equation 3-8) [-] ‘

number of reflecting planes of the i-th length, L,
(Equation 3-11) [-]

, _ _ , N
total number of discrete lengths in the (discete)
Length Distribution Function (Equation 3-11) [-]

multiplicity factor, the number of different .
planes with the same mMiller index (Equation 3-3)

[-]

a

area weighted length distribution function
evaluated at length, L (Egquation 3-26) [-]



Pn(L)

Ps(L)

Pv(L)

Tz =‘
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length distribution function weighted by number of
particles (Equation 3-33) [-]

Area weighted particle size distribution function
evaluated at length, L (Equation 3-37) [-]

‘Volume weighted length distribution function

evaluated at length, L (Equation 3-30) [-]
diffractometer radius (Equation 3-3) [m]

radius of particles of component i (Equation 3-4)
[cm] .

dimensionless Bragg distance, Equation 3-9 [-]
constant (Equation 4-1) [-]

step size in constant. dimensionless Bragg distance
(Equation 3-17) [-]

constant . (Equation 4-1) [-]

term used to determine the integrated intensity of
an X-ray peak, (Equation 3-3) [J m?/s]

term used to calculate the integrafed intensity of
an X-ray peak (Eguation 3-3) [m~ 3]

-~

term used to determine the integrated intensity of
an X-ray diffraction peak (Egquation 3-3) [-]

constant (Equation 4-1) [-]

volume of a unit cell (Eguation 3-3) [m?]

average volume of particles of component i
(Equation 3-4) [m?]
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the i-th volume fraction of a collection of
particles represented by Np discrete lengths
(Equation 3-11) [-]

distance into X-ray sample (Equation 3-2) [cm or
m]

intensity factor (Equation 6-1)fc/s-cm]

inteﬁsity factor (Equation 6-3)
[radian:c:cm?/(s-g)]

Greek ‘

ratio of peak intensity studied to peak intensity
of the internal standard, internal standard method
(Equation 2-1) [-] :

goniometer angle (Equation 3-9) [radian or ° arc)

goniometervangle corresponding to the minimum
angle in the Fourier analysis (Equation 3-25)
[radian or ° arc]

Y
goniometer angel corresponding to the maximum

angle of the Fourier analysis (Equation 3-25)!
[{radian or ° arc] :

Bragg angle (Equatiqn,3—1) [radian or ° arc]
fit Bragg angle (Equation 3-43) [radian or ° arc]
X-ray wavelength (Equation 3-1) [nm]

X-ray linear absorption coefficient (Equation 3-2)
[em™ '] :

-

conversion factor (Equation 3-3) 47(10°7) kg:m-C-2



mn =

S—

density (Equation 3-4) [kg/m?]
particle absorption factor‘(Equation 3-4) [-]

Fourier frequency (Equation 3-18) [-]

Subscripts

refering to component i in a mixture of
diffracting phases (Equation 3-4)

refering to the integrated intensity mehtod of
measuring peak broadening (Egquation 3-5)

.

refering to the i-th length fraction (Equatioh
3-11) ' '

imaginary part of the Fourier coefficient, (for
example, Fi in Equation 3-21)

measured value (Equation 2-1)
value for the'mixtUre (Equation 3-4)
| .

evaluated at the minimum gonioneter angle
(Equation 3-18) -

- "evaluated at the maximum goniometer angle
1

(Equation 3-18) - \

o

|

incident value (Equation 3W3)

real part of Fourier coefficient (eg. Fr,
Equation 3-21)

theoretical value (Equation 2-1)

122

o



123

7

xyzi = refering to the peak due to planes of Miller index
(xyz), for the i-th component of a mixture
(Equation 3-4)

1/2 = determined by width at 1/2 of the peak height

Superscripts
m = measured breadth of the profile quuation 3-6)
s = standard for a profile with broadening only due to

instrumental factors (Equation 3-6)

Abbreviations
—~

<xX> = average va{3;>of "x'

ALDF = Area weighted length distribution function
LDF = Length distribution function
PSDF = Particle size distribution function
SMC = Supported metal catalysts
= Volume weighted length distribution function

VLDF

. . f
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11. APPENDIX‘A: Plots of Raw Data

This Appendix contains plots of the X-ray patterns for
the catalysts’, supports aﬁd standards used in this study.
The plots were made directly from the data stored on
magnetic tapes using the HP-1000 plotting packages available
in the'Department of Chemical Engineering DACS centre.

Several related patterns are included on each plot tor
economy and to emphasize the subtle differences in peak
shape between patterns. These are offset by the indicated

amount for clarity.
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12. APPENDIX B: Catalyst Analyses
This Appendix presents the results of XRD analysis of
~the catalysts used in this work. Unavailable or unreasonable

results are indicated using asterices.

o
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CATALYST AND SUPPORT IDENTIFICATION
KRkkkkkk Xkk kkkkkkk kR kkokRk KKk kkk

Analysis of Catalyst: HP-2
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY59
Support Data File: XRAV69

SUPPORT CORRECTION

Support Scaling Factor: 0.80

Linear Baseline ( (20,,, Inn) .to (26ny, Tmx) ")
(34.° 26,4.0 c/s) (50.° 26,2.0 c/s) -

el

s

v

MAGNITUDE AND LOCATION OF "SPURIOQUS" PE#KS
. (Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/§7/4
37.25 3.5 '
. N ‘ :
MARQUARDT FIT OF THE DATA |
Centre of Fit Range:39.80
Range Studied: 9.00 ° 24 ‘

No. Iterations: 9 Converged: YES '

I (error)?/apgle: se.se(c/s)**zkﬂ\za

FIT PARAMETERS (see Equation 3-44):\

Bl=  71.8 B2= ~ 10.19 X0= 39.759 /T=

B3= 71.964 B4= 8.7550 B5= 0,9627/

RESULTS CALCULATED DIRECTLY FROM FIT:;

|

0.87750

‘Peak height: 143.80 ¢/s B,,,: 0.01075 rad
Area: 2.2136 rad*c/s Integral Breadth: 0.015390 rad

CALCULATED WITH «THER RESULTS,

140

From @ le: 103727 Standard Integral Breadth= 0.004008
<Lal> (5e: . ric, Fc ) = 8.80 nm

<La2> (Nu.=:lcal, Fr = 6.92 nm

<Lv1> (Scherrer) = 11.04 nm ;
<Lv2> (Numerical, Fou. ) = 10.98 nm !

Fraction Detected > 0.950 <Lv>/<La>

@

k.
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CATALYST AND SUPPORT IDENTIFICATION
KEEERKRKE KRk KRkARKE kAR KKAREREX KKK

Analysis of Catalyst: HP-3
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY71
Support Data File: XRAV69

SUPPORT CORRECTION
Support Scaling Factor: 0.80

Linear Baseline ( (26m,, Imn) toO (20mx, Imx) )
(34.° 26,0.0 c/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)
Angle (° 26) Magnitude (c/s)
36.50 2.0
37.50 2.0
MARQU;;pT FIT OF THE DATA
entre of Fit Range:39.80
Range Studied: 4.00 ° 26
No. Iterations: 12 Converged: YES .
'L (error)?/Angle: 26.65(C/S)*%2/° 26
FIT PARAMETERS (see Equation 3-44):

B1= 65.8 B2= 6.68 XO= 39.706 T= 0.99898
B3= 73.807 B4= 8.4610 B5= 0.9318

RESULTS CALCULATED DfRECTLY FROM FIT: : y

Peak héight: 139.60 c/s By;,2: 0.01141 rad
Area: 2.1928 rac:c/s, Integral Breadth: 0.015700 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth= 0.004008

<La1> (Geometric, Fourier) = 8.52 nm
<La2> (Numerical, Fourier) = 8.05 nm
<Lv1> (Scherrer) = 10.80 nm
<Lv2> (Numerical, Fourier) = 10.70 nm

Fraction DetecEed > 0.950 <Lv>/<La> = 1.30



CATALYST AND SUPPORT IDENTIFICATION
FRKRRKKK KRK KKK RKEK kR kKRKRk KX KKK

Analysis of Catalyst: HP-3
For Miller Index: (200)
Support treatment: A-3.

Catalyst Data File: XRAY71
Support Data File: XRAV69

SUPPORT‘CORRECTIONY

Support Scaling Factor: 0.80
Linear Baseline ( (26,

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS 5
(Due to. Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
36.50 ‘ 0.0

MARQUARDT FIT OF THE DATA

Centre of Fit Réngé:46.30
‘Range Studied: 6.00 ° 24

r Ima) £0 (20my, Iny) )
(34.° 26,0.5 c/s) (50.° 26,0.5 c/s)

No. Iterations: 16 "~ Converged: YES
Z (error)?/Angle: 28.45(C/S)*%2/° 26

- FIT PARAMETERS (see®*Equation 3-44);:

Bl= 56.6 B2= 3.91 X0= 46.221 T=

B3= 5.575 B4= 0.6207 BS= 0.6181

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 62.12 ¢/s B,,,: 0.01146 rad
Area: 0.9518 rad#*c/s Integral Breadth:

CALCULATED WITH OTHER RESULTS,

<La1> (Geometric, Fourier) = 0.0
<La2> (Numerical, Fourier) = 0.0
<Lv1> (Scherrer) = 11.3

= 0.0

<Ly2> (Numerical, Fourder)

N O

nm
nm
nm
nm

Fraction Detected = 0.0 <Lv>/<La>

142

0.015320 rad

e From File: XRAYE3 Standard Integral Breadth= 0.003950
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3 CATALYST AND SUPPORT IDENTIFICATION -
KRRKKRKK KKK kkkkkkk Fkkkkk Rk kk kK%

- .Analysis of Catalyst: HP-3
For Miller Index: (220)
Support treatment: A-3

Catalyst Data File: XRAYD9
Support Data File: XRAYD4

SUPPORT CORRECTION

Support Scaling Factor: 0.80
Linear Baseline ( (20,,, Imn) to (26m., I..) )
(63.° 26,0.0 c/s) (71.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
70.00 0.0

MARQUARDT FIT OF THE DATA
Centre of Fit Range:67.50
Range Studied: 6.00 ° 26
No. Iterations: 50 Converged: NO
Z (err&})?/Angle: 0.50(C/S)*%x2/° 20
FIT PARAMETERS (see Equation 3-44): \ \

Bi= 4.4 B2=  0.37 X0= 67.485 T= 1.34260
B3= 34.590 B4= ' 5,6850 B5= 0.7523 \

RESULTS CALCULATED DIRECTLY FROM FIT: \

Peak height: 39.01 ¢/s B,,,: 0.01419 rad \\\
Area: 0.7793 rad#c/s Integral Breadth: 0.019980\rad

4
i

CADCULATED WITH OTHER RESULTS,

From File: XRAYE! Standard Integrz21 Breadth= 0.004220

<Lai1> (Geometric,- Fourier) = 0.00 nm
<La2> (Numerical, Fourier) = 0.0 nm
<Lv1> (Scherrer) = 9.46 nm
<Lv2> (Numerical, Fourier) = 0.0 nm

Fraction Detected = 0.0 <LV>/<La> = %%¥x
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CATALYST AND SUPPORT IDENTIFICATION
FEKRKRKK KX KRR R RRK KRR K KKKk * X Kk Co

Analysis of Catalyst: HP-3
For Miller Index: (311)
Support treatment: A-3

Catalyst Data File: XRAYEOQ
Support Data File: XRAYD7?

. SUPPORT CORRECTION
Support Scaling Factor: 0.80

Linear Baseline ( (26n,,, Imn) to (264., Imy) )
(78.° 26,2.0 c/s) (90.° 20,2.0 c/s)

-

- MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
"30.00 0.0

MARQUARDT FIT OF THE DATA
Centre of Fit Range:81.10
Range Studied: ©5.00 ° 26
No. Iterations: 23 Converged: YES
Z (error)? /Angle 0.10(C/S)*%x2/° 26
FIT PARAMETERS (see Equation 3-44);:

B1= 10.4 B2= '0.56 X0= 81.260 T= 1.63550
B3= 33.410 B4= 4.9680 B5= 0.9305

RESULTS CALCULATED DIRECTLY FROM FIT:

~ Peak height: 43.80 c/s ‘B,}z: 0.01545 rad
Area: 0.9893 ‘rad*c/s 1Integral Breadth: 0.022590 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAYE2 Standard Integral Breadth= 0, 006720

<Lal> (Geometrlc, Fourier) = 0.00 nm
<La2> (Numerical, Fourier) = 0.0 nm
<Lv1> (Scherrer) = 9.42 nm
<Lv2> (Numerical, Fourier) = 0.0 nm

‘Fraction Detected = 0.0 <Lv>/<La> = *xxx
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.CATALYST AND SUPPORT IDENTIFICATION
FRKKKKEE KEK FRERXRR KRKKRKKKKR KKK K
_Analysis of Catalyst: HP-3

For Miller Index: (222)
Support treatment: A-3

Catalyst Data File: XRAYEOQ
‘Support Data File: XRAYD6

SUPPORT CORRECTION
Support Scaling Factor: 1.00°

Linear Baseline ( (20mn, Imn) to (Zémx, Imx) )
(80.° 26,0.0 c/s) (88.° 26,0.0 c/s) B

"MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

‘._Angle (° 28) Magnitude (c/s)
30.00° 0.0

MARQUARDT FIT OF THE DATA
'.Céntre,of.Fit Range:85.80
Range Studied: 2.00 ° 26
No. Iterations: 40 Converged YES
z (err%5) /Angle- 51.65( C/S)**2/° 26
FIT PARAMETERS (see Equation 3-44):

B1 4.4 B2= 0.80 X0= 85.722'T= 19.61501
B3= - 9. 719 B4= 1.,9650 B5= 0.8317

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 14.08 c/s. B,,,: 0.01574 rad
Area: 0.2608 rad*c/s Integral Breadth: 0.018520 rad

CALCULATED WITH OTHER RESULTS,

’From-Eilé: XRAY00 Standard Integral Breadth= 0.006000 

<La1> (Geometric, Fourier) = 0.00 nm
- <La2> (Numerical, Fourier) =- 0.0 nm
<Lv1> (Scherrer) = .12.10 nm
<Lv2> (Numerical, Fourier) = 0.0 nm

‘Fraction Detected = 0.0 <Lv>/<La> = *x%%
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CATALYST AND SUPPORT IDENTIFICATION
RERFRRKE KAkX kkkkkkk XkRkkRkRRKK X k%

Analysis of Catalyst: HP-6
For Miller Index: (111)
Support treatment: A-3

Catalyst Ddta File: XRAY63
Support Data File: XRAV69

' SUPPORT CORRECTION
\\\ .
Support Scaling Factor: 0.80
Linear Baseline ( (264,, In,) to (26.., I.x) )
(34.° 26,2.0 ¢/s) (50.° 26,0.5 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS

_ (Due to Heat Treatment Support Changes)
. .

Angle (° 26) Magnitude (c/s)
36.75 5.0
37.50 3.0

MARQUARDT FIT OF- THE DATA
Centfe of Fit Range:39.80
Range Studied: 6.00 ° 26
No. Iterations: 12 - Converged: YES
Z (error)?/Angle: 21.57(C/S)*%2/° 26
FIT PARAMETERS (see Equation 3-44):

Bl= 183.2 B2=  94.16 X0=39.757 T= 0.78738
B3= 38.332 Bd= 11.3790 B5=‘&i7906

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 221.53 c¢/s Bi,2: 0.00521 rad
Area: 1.8954 rad*c/s Integral Breadth: 0.008554 ragd

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth= 0.004008

- <Latl> (Geometric, Fourier) = 12.39 nm
<La2> (Numerical, Fourier) = 8.42 nm
<Lv1> (Scherrer) ' = 21.70 nm
<Lv2> (Numerical, Fourier) = 18.60 nm

Fraction Detected = 0.876  <Lv>/<La> 1.94



CATALYST AND SUPPORT IDENTIFICATION
EERKKEER KKK KRKKKRE RERKKKKKEKRK KK

Analysis of Catalyst: HP-7
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAYES
Support Data File:; XRAV11

SUPPORT CORRECTION

Support Scaling Factor: 0.80
Linear Baseline ( (26,,

MAGNITUDE AND.LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
36.50 0.0

MARQUARDT FIT OF THE DATA
Centre of Fit Rangé:39.80

" Range Studied: 8.00 ° 26 .
No. Iterations: 20

[ Imn) to (29mxr
(34.° 26,8.0 c/s) (50.° 20,6.0 c/s)

-Cpnvergéd: NO

Z (error)?/angle: 38.73(C/S)*%2/° 26

FIT PARAMETERS (see Equation 3-44):

B1= 17.1 B2= 1.74 X0= 39.819 T=

B3= 3.381 B4= 0.2987 B5= 0.5082

RESULTS CALCULATED DIRECTLY FROM FIT:

Imx)

0.50000

Peak; height: 20.48 ¢/s B,,,: 0.05727 rad

Area: 2.2724 rad*c/s Integral Breadth:

CALCULATED WITH OTHER hESULTS,

)

147

0.110900 rad

~From File: XRAY27 Standard Integral Breadth= 0.004008

<Lal1> (Geometric, Fourier) = 3.66
<La2> (Numerical, Fourier) = 1,77
<Lv1> (Schérrer) © = 2,30
<Lv2> (NumeTical, Fourier) = 1.48

nm
nm
nm
nm

Fraction Detected = 0,900 <Lv>/<La>

0.70

L4
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. CATALYST AND SUPPORT IDENTIFICATION
I I IR Il T ™
‘Analysis of Catalyst: AI-13
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY83
Support Data File: XRAV69

SUPPORT CORRECTION
Support Scaling Factor: 0.95 -

Linear Bageline ( (20mn, Im.) to (20mx, Imx) )
(34.° 26,1.0 c/s) (50.° 20,1.0 ¢/s) '

MAGNITUDE AND LOCATION OF "SPURIQUS" PEAKS
(Due to Heat Treatment Support:Changes)

Angle (° 26) Magnitude (c/s)
738.00 4.0

MARQUARDT FIT OF THE DATA
Centre of Fit Range:41.00
Range Studied: 6.00 ° 26
No. Iterations: O Converged: UNK
Z (error)?/Angle: 34.50(C/S)**2/° 20
FIT PARAMETERS (see Equation 3-44):

Bi= 1.7 B2= 0.05 X0= 39.819 T= 40.53000
B3= - 6.162 Bd= 2.9830 B5= 0.2325 ,

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height:‘ 4.66 ¢/s B;,,: 0.08604 rad
Area: 0.4360 rad*c/s Integral Breadth: 0.093450 rad

CALCULATED  WITH OTHER RESULTS,
From File: XRAY27 Standard Integral Breadth= 0.004008

1.50-ﬁm

<La1> (Geometric, Fourier) =

<La2> (Numerical, Fourier) = 1.49 nm

<Lv1> (Scherrer) = 1.76 nm
= 1.70 nm

<Lv2> (Numerical, Fourier)

Fraction Detected = 0.700 <Lv>/<La> = 1.16

‘\
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CATALYST AND SUPPORT IDENTIFICATION
KRKRFRKR kkk RXKKKER KRERKKKRK KKk K *
Analysis of Catalyst: AI-2
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY92
Support Data Flle XRAYo ;

SUPPORT CORRECTION B

- (‘“"‘—

Support Scaling Eacgg"
g

Linear Basellne € (2 01(29 s Ime) )
(34.° 26,0.0 c/s) (0. “HNEQ 0 c/sh -

MAGNITUDE AND. LOCATION OF "SPURIOUS" PEARS
(Due to Heat Treatment Support Changes)

e

Angle (° 26) Magnitude (c/s)
30.00 0.0 o

MARQUARDT FIT OF THE DATA
Centre of Fit Range:40.70
Range Studied: 8.00 ° 26 ,
No. Iterations: 20 Converged: NO
'L (error)?*/Aangle: 47.23(C/S)**2/° 26
b3 ) :
~ FIT PARAMETERS (see Equation 3-44):

Bl= 3.0 B2=  0.37 X0= 40.434 T= 0.50000
B3= 2.004 B4= 4,7900 B5= 0.1173 . »

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 4.98 c/s B,,,: 0.12025 rad
Area: 0,8159 rad#c/s Integral Breadth: 0.163800 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth= 0.004008

<Lal1> (Geometric, Fourier) = 1.00 nm
<La2> (Numerical, Fourier) = 0.82 nm
<Lv1> (Scherrer) = 1.00 nm
<Lv2> (Numerical, Fourier) = 1.17 nm

Fraction Detected ="0.850 <Lv>/<ﬁ§? ;.1.19



. CATALYST AND SUPPORT IDENTIFICATION
CREKKKERR Rk K KR FRRRk kR KRR I KKK KRR RKE

Analysis of Catalyst: AI-4 ¢
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY17
Support Data File: XRAV11

SUPPORT CORRECTION

Support Scaling Factor: 0,95
Linear Baseline ( (26,

! Imn) -tO (20mx1
. (34.°'26,0.0 ¢/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS

(Due to Heat Treatment Support Changes)

Angle k° 25) Magnitude (c/s)
39.00 ~ 2.0 |

MARQUARDT-FIT OF THE DATA

Centre of Fit Range:41.60
Range Studied: 4.00 ° 26

.

No. Iterations: 4 Converged: YES
Z (error)?/Angle: 21.95(C/S)**2/° 28

FIT PARAMETERS (see Equation 3-44):

Bl=  45.6 B2=  20.85 X0= 40.634 T<

B3= 4.723 B4= 8.9980 B5= 0.7380

RESULTS CALCULATED‘DIRECTLY FROM FIT:

v

’

Peak height: 50.27 ¢/s B,,,: 0.00944 rad’

. 150

Area: 0.7805 radxc/s Inteqral Breadth: 0.015420 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth= 0.004009

<Lal1> (Geometric, Fourier) = 1.00
<La2> (Numerical, Ffourier) = 7.70
.. <Lv1> (Scherrer) = 5,82
<Lv2> (Numerical, Fourier) = 10.91

Fraction Detected > 0.950 <Lv>/<LA>

nm

nm

nm
nm
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CATALYST AND SUPPQORT IDENTIFICATION
KEKKEERE KFK KXRRKKE KRR RKKRKRRRK K ¥
Analysis of Catalyst: AI-5
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY19
Support Data File: XRAV11

SUPPORT CORRECTION
Support Scaling Factor: .0.95

Linear Baseline ( (26,,, Imn) t0 (20my, Imy) )
(34.° 29,0.Q c/s) (50.° 26,0.0 c/s)

, ' .
MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
' (Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
39.00 2.0 e

MARQUARDT FIT OF THE DATA : - -
Centre of Fit Rarge:41.50
Range Studied:  4.00 ° 26 A
-No. Iterations: 31 - Converged: YES
Z (error)?/Angle: 29.50(C/S)*x2/° 26
FIT PARAMETERS (see Equation 3-44);:

Bl= 14.6 B2=  1.23 X0= 40.662 T= 1.80320
B3= 20.3]6 B4= 13.5300 B5= 0.6696 | .

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 34.98 c¢/s Bj,,: 0.01179 rad
Area: 0.6445 radxc/s Integral Breadth: 0.018440 rad

CALCULATED WITH OTHER RESULTS, .
From File: XRAY27 Stahdard Integral Breadth= 0.004008

<

5.24 nm-

<Lal> (Geometric, Fourier)

<La2> (Numerical, Fourier9s'&é» 5.57 nm -
<Lv1> (Scherrer) =¥ 9,10 nm
<Lv2> (Numerical, Fourier) 9.50 nm

'
¥

«

Fraction Detected > 0.950  <Lv>/<La> = 1.72
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CATALYST AND SUPPORT IDENTIFICATION
REKKKKKK Kkk KREKKKE KkkkkkkRkkkkkk
Analysis of Catalyst: AI-16
For Miller Index: (111)
Suppgrt treatment: A-3

‘Catalyst Data File: XRAY98
Support Data File: XRAV69 , .

SUPPORT CORRECTION

Support Scaling Factor: 0.95 L
Linear Baseline ( (20mn, Imn) t0 (20mx, Imy) ) 4y
(34.° 26,0.0°c/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION ‘OF "SPURIOUS" PEAKS
e (Due to Heat Treatment Support Changes)
%
~Angle (° 26) Magnltﬁde (c/s)
38.00 2 0B

, MARQUARDT FIT OF THE DATA
Centre of . Fit Rangé:40.60
Range Studied: 4.00 ~ 2¢ o _
No. Iterations: 15" Converged YES v
z (error) /Angle* 42. 92(C/S)**2/° 26 ‘

FIT PARAMETERS (see_Eqbatlon 1744):

Bi= 33,7 B2= _ 41.85 X0= 40,660 T= 0.77350
B3= 24.450 B4= 72.9890 B5= 2.0640 -

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 58.15 c/s B,,,: 0.00377 rad S
Area: 0.5273 rad*c/s Integral Breadth: 0.009070, rad

~

- 9, T
AR

- CALCULATED WITH OTHER RESULTS

From File: XRAY27 Standard Integral Breadth= 0.004008 -
' F o P «

<La1> (Geometric, Fourier) = 5.90 nm - s

<La2> (Numérical, Fourier) = 5.12 nm y ¢

<Lv1> (Scherrer) ' = 20.27 nm ' -
= 17.12 nm -

<Lv2> (Numerical, Fourier)

,Fraction Detected = 0.850 <iv>/<La>

1]
W
W
Vo)
LI K
. " R
K oq e VR G T D5
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CATALYST AND SUPPORT IDENTIFICATION
KRRRKREKR KKK KKRRKIE ERKKKKKKKER KKK
" Analysis of Catalyst: AI-8 ‘
For Miller Index: (111) ’
Support treatment: A-3 : B

Catalyst Data File: XRAY58 . . .
Support Data Flle - XRAV6S ' :

SUPPORT CORRECTION .

(=

Support Scaling Factor: 0.95
Linear Baseline-( (26,4, Imn) to (20mx, Imx) )
(34.° 29,0.0 c/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF . "SPURIOUS" PEAKS
(Due to Heat-.Treatment Support Changes)

Angle (° 260) Magnitude (c/s)

5.,f,. . 30.00 0.0
MARQUARDT FIT OF THE DATA ‘ oy
L ECentre cZ Fit Range:41.00 - ‘ '
@' -Range Studied: 3,00 ° 26
LT No. Iterattons. 24 - Converged: YES

", L (error)?/Angléd 27, 87(C/S)**2/° 26
FIT PARAMETERS (see Equation 3-44):

Bl= 14,0 B2=  0.83 %0= 40 610 T= 2.57600
B3= 34.393 B4= 11,8160 B5= 0570

3

g RESULTS CALCULATED DIRECTLY FROM FIT ‘ L

eak helght 48’43 c/s By,23 0.00977 rad
3 *0%@535 rad*c/s Integral Breadth: 0.013500 rad -

o

' WITH ‘OTHER RESULTS, T L

\#'AFﬁle. XRAIZ? Standard Integral Breadth= 0004040

<La1?”(Geometrlc,hFourler) = 8.20 nm }jr' cu
<La2z> (Numerical, Fourier) = 8.40 .nm S -
- <Lv1> (Scherrer) . = 11.40 nm &

<Lv2> (Numerlcal " Fourier) = 13.30 nm -

”
r : S : S
: - [ :

<~ Fraction Detected > 0.950 <LV>/€L5>'= 1.49
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QATALYST AND SUPPORT IDENTIFICATION
KEKKKRKE KKK KEKRKRK RRERKRXR KRRk ¥k
Analysis of Catalyst: AI-8 -
For Miller Index: (111)
Supgprt treatment: Ar 3 R =

tﬁtalyst Data Flle ,XRAY25
Support Data File: &RA&VG o

SUbPORT CORRECTION . o «fwﬁ,.
T '«
) “SUpport Scallng Factor:. 0. 95

\ {g -.Linear. Baselzne [ Gzemn,u mn) to (260mye, Imy)

(34 .26,0.0° c/s) 50 26,0.0 c¢/s)
. uﬂfu L

MAGNITUDE AND LOGATJON OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes) B

™~

;- Angle (° 28)‘ Magnitude (c/s)
< 30.00 . 0.0

MARQUARDTQFIT'OF THE DATA

Centre of Fit Range:40.60

Range Studied: 2.00 ° 26 :
No. Iterations: .12 " Con - ged: YES
z (error)Q/Angle 34 55(C/u,r*2/° 26

FIT PARAMETERS (see Equation 3- 44) -
'Bl=.  39.4 B?X  16.88 X0= 40 620 T= .0.92816
‘B3= 13.550°B4= 5.2990 B5= 1.1130 S
'RESULTS CALCULATED DIRECTLY FROM FIT"' | ~\ﬁ*?ﬂ

Peak helght' 52 99 c/s B,,z O 00969 rad

- 9’ <

)

154\

Area: 0.7336 rad*c/s Integral Breadth: 0. 013840 rad

CALCULATED WITH OTHER RESULTS B

From F;le:tXRAY27 Standard Integrai Breadth- 0. 004000

<Lal1> ¢Geometric, Fourier) = 9.20 nm
<La2> (Numerical, Fourier) = 8.20 nm
<Lv1> .(Scherrer) = 14,90 nm
<Lv2> (Numerical, Fourier)®= 12.90 nm

R N
‘ v "“. V; ’ - ’..- d‘.r ' :‘, ":"’17 ~ ) .
‘Fracdtion Detected > 0.950.: <Lv>/<La> = 1.60
o e : T .

r

a4

~

£ 9



CATALYST AND SUPPORT IDENTIFICAT onN
FURRRKRR Kokk  kdkokokokkok ok kokokokok ok ok ok ik ok %

"Analysic ~f Catalyst:

For Mil
Support treatment: A-=3

Index:

Catalyst Data File:
Support Data File:

SUPPORT CORRECTION

(

111)

‘XRAYS
XRAV69

5

Support Scallng Factor: 0.
Linear Baseline (

(3

“

MAGNITUDE AND LOCATION OF

Ang

4.° 26,1

le (°
37.50

(

.0 c/s)

95

29mnr mn)
(50.° 26,1
"SPURIOUS"

'A

AI-12

26) Magnlehﬂe (c/s)

3.5

MARQUARDT FIT OF THE DATA

Range Studied:

Iterations: 19

'/ Centre of Fit Range:41.50
§ ‘NO.
~

Z (er

ror)

2" 1qgle:

5.00 ° 20

to (26,

.0 c/s)

PEAKS
(Due to Heat Treatment Support Changes)

Converged "YES
27.28(C/S)x%x2/° 26

FIT PARAMETERS (see Equation 3-44):

Bt=
B3= "

0.5

4.480.

‘B2=

0.06 X0= 40.522 7=

B4= 0.3310 BS=,

0.7505

PESULTS CALCULATED DIRECTLY FROM FIT:

Peak
Area:

helgrt

073056 rad*c/s

4.94 ¢/

CALCULATED WITH OTHER RESULTS

-
e

by

From

! .

Flle

XRAY27

<Lai> (Geometric,

;<L32>‘

“‘ <Lvi>
- <Lv2>

(Nume
(Sche
(Nume

rical,
rrer)
rical

' Fraction Detectéd

e

»

&

Standard..Integral Breadth=

By/2:

Fourier)

0.500

Fourier)

. *
» ‘Fourier)

<

2

2.
2.
3.

<Lv>/<La>

Imx)

19.79601

0.05653 rad
0.061910 rad.

.39
79
65
15

Integral .Breadth:

nm

nm
nm
nm

1

12

155

)

'0.004008
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CATALYST AND SUPPORT IDENTIFICATION
Kk kk kKRR Kkk KRKFRKK KKk Rk Rk KK kK KKk

Analysis of Catalyst: AI-14
~For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY89

Support Data File: XRAV69 : o .
¥ SUPPORT CORRECTION "
o ‘
?ﬁf _n, Support Scaling Factor: 0.95
L.?> . N Linear Baseline ( (26n,5 Ihn) tO (20my, Ime) )
e (34.° 26,1.0 ¢c/s) (50.°.26,1.0 c/s) ‘

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
36.80 3.0

MARQUARDT FIT OF THE DATA ' .

Centre of Fit Range:41.00

Range Studied: 6.00 ° 26 '
No. Iterations: 30 Converged: NO
Z (error)?/Angle: 44.00(C/S)*%x2/° 20

FIT PARAMETERS (see Equation 3-44):

Bl= 2.9 B2= . 0.07 X0= 407522 T= 40.33900
B3= 3.160 B4= 3.7550 B5= 0.1826

M

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 6.61 c/s B,,,: 0.06084 rad
Area: 0.4445 rad*c/s 1Integral Breadth: 0.067200 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth= 0.004008

£

<La1> (Geometric, Fourier) = 2.04 nm :
<La2> (Numerical, Fourier) = 2.23 nm <
<Lv1> (Scherrer) - = 2.44'nm _ ,
<Lv2> (Numerical, Fourier)‘ = 2.49 nm

Fraction Detected = 0.718 <§v5/<La> = 1,15

s
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CATALYST AND SUPPORT IDENTIFICATION
KRKEXRKKK Kkk KRERKKE KKK RLRKRKRKK KK
Analysis of Catalyst: AP-1
, For Miller Index: (111)
- ' Support treatment: A-3

Catalyst Data File: XRAY34
Support Data File: XRAV69

SUPPORT CORRECTION v5¥§$ Al

Support Scaling Factor: 0.95
Linear Baseline ( (20,., Ia..) to (20mx, Imx) )
(34.° 26,0.0 c/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

“Angle (° 28) Magnitude (c/s)
38.00 2.0

MARQUARDT FIT OF THE DATA
.Centre of Fit Range:40.50
Range Studied: 3.00 ° 26
No. Iterations: 30~ Converged: NO
L (error)?/Angle: 27.83(C/S)*%2/° 26

FIT PARAMETERS (see Equation 3- 44)

B1 2.7 B2= ~1.80 X0= 39.900 T= 0.50000
- B3= 4, 283'B4- 3.4750 B5= 0.6956 ‘

'RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: . €.96 c/s By,2: 0.02204 rad
Area: 0. 3364 rad*c/s Integral Breadth 0.048360 rad

m)

I

“'TT

From File: “XRAY27 Stand’a 'Ea’ Integral Breadth= 0.004000

‘w . v t LI

<Lal> (Gebﬁétrlc Fourler) ivT 71 nm"

<La2> (Numerical, Fourier) = 1,39.nm
<Lv1> (Scherrer) : . =j-3.£0enm
<Lv2> (Numericail, .Fourier) =- 3%70 nm

PRI

_Ffacﬁion]Detected.= 0.544 <Lv>/{La> = 2,29 -



CATALYST AND SUPPORT IDENTIFICATION
FRKKKKKK Kkk KkRKkkk KREKKK KKk R KKk X

Analysis of Catalyst: AP-6

For Miller Index:
Support treatment:

(111)
A-3

Catalyst Data File: XRAY35

Support Data File:

SUPPORT CORRECTION

XRAV69

Support Scaling Factor: 0.9

Linear Baseline (

5
n)
(34.° 26,0.0 c/s) (50.° 24,

(Zemnr Im

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
’ (Due to Heat .Treatment Support Changes)

Angle (° 26) -Magnztude (c/s) -

38.00

.

MARQUARDT FIT OF THE DATA

Centre of Fit Range:40.50

Range Studied: 3.
No. Iterations: 30

00 ° 26

Converged: NO
L (error)?/Angle: 27.73(C/S)*%x2/° 28

FIT PARAMETERS (see Equation!3-44):

b

‘Bl= . 6.1 B2=

8.75 X0= 39.760 T=
B3= 2.267 B4= 2.2150 B5= 1.5000

RESULTS CALCULATED DIRECTLY FROM‘FIT:

. Peak height: 8.4

1

OC/S B1/..2: 0.0

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 -

. <Lal> (Geometric,
N <La2> (Numerical,
<Lv1> (Scherrer)
<Lv2> (Numerical,

.Fraction Detected

Fourier)

to (Zemxr Imx)
0.0 ¢/s) .

£ 0.50800

rad

)

158

Area: 0.3622 rad*c/s Integral Breadth: 0.039170 rad

Standard Integral Breadth= 0.004000

Fourier)
Fourier)-

= 0.532

o pon

-1.88
1.51
4,21
4,14

nm
nm
nm
nm

<Lv>/<La>

= 2.46
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*CATALYST AND SUPPORT IDENTIFICATION
KERKKKKE Kkk RERKKKE KKRRRERK KRR KRR
Analys’s of Catalyst: AP-8
For M..ler Index: (111)
Support treatment: A-3 - T

Catalyst,Data File: XRAV74
Support Data File: XRAV69

SUPPORT CORRECTION

Support Scaling Factor: 0.95 ,
Linear Baseline (' (20mn, Imn) to (20mx, Imx) )
(34.° 26,0.0 c/s) (50.° 26,0.0 c/s)
9‘ L . L@
MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Ereatment Support Changes)

Angle:z 26) Magnltude (c/sm i ,
: 0 2.0 S

MARQUARDT FIT OF THE DATA
Centre of Fit Rénge}40 50
‘Range Studied: .3.00 ° 26
No. Iterations: 30 Converged: NO
z (error)z/Angleﬁ 32. 67(C/S)**2/° 26
FIT PARAMETERS (see Equatlon 3-44):

B1 . 5.5 B2= - 19.81 X0= 39.726 T=" 0.50000
. B3= 17.853 B4= 3.3030 B5= 1.0004 o

RESULTS CALCPLATED DIRECTLY FROM FIT:

Peak height: " 23.38 c¢/s B,,.: 0.01562 rad
‘Area: 0.5064 rad*c/s Integral Breadth: 0.021660 rad

{
CALCULATED WITH OTHER RESULTS

From File: XRAY27 Standard Integral- Breadth- O 004000

<Lal1> (Gegmetric, Fourler) = W8 13 nm . |
<La2> (Numerical, Fourier) = 5.77 nm '
<Lv1> (Scherrer) = 7.70 nm

<Lv2> (Numerical, Fourier) = 8.61 nm

Fraction Detected = 0.820 = <Lv>/<La> = 1,17
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CATALYST AND. SUPPORT IDENTIFICATION
KEERKKKE KKkEK KRKRKRKK KRRKRKKKRKEK KK

Analysis of Catalyst: AP-9
For Miller Index: (111)
Support tr§5tment: A-3

Catalyst Data File: XRAY36 .
Support Data File: XRAV69

SUPPORT CORﬁECTION
Support Scaling Factor: 0.95

Linear Baseli;he ( (zemnl Imn) to (zemxr Imx) ) ‘/“3
( 1.° 26,%*x c/s) (-=1.° 26,0.0 c/s) oo

MAGNITUDE AND LOCATION OF "SPURIOQOUS" PEAKS
~ (Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
38.00 . 0.0

MARQUARDT FIT OF THE DATA o 3
Centre of Fit Range:39.80
Range Studied:  4.00 ° 26
No.. Iterations: 28  Converged: YES
, . L» (error)?/Angle: 46.90(C/S)*x2/° 26
FIT PARAMETERS (see Equation 3-44):

Bl=  11.6 B2=  49.80 X0= 39.730.T= 0.50000
'B3= 20.310 B4= 4.9370 B5= 0.8079 3

RESULTS CALCULATED DIRECTLY “FROM FIT:

Peak height: 31.94 c¢/s By,,: 0.01252 rad :
Area: 0.6072 rad*c/s 1Integral Breadth: 0.019010 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Integral Breadth=0.004000

<Lal1> (Geometric, 'Fourier) = 9.85 nm
<La2> (Numerical, Fourier) = 5.36 nm

° . <Lv1> (Scherrer) = 3,63 nm
<Lv2> (Numerical, Fourier) =

.9.92 nm

Fraction Detected > 0.950  <Lv>/<La> = 0,89
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CATALYST AND SUPPORT IDENTIFICATION
KEKKERKK KKK RRKERXK KRRk k KRRk KKK

Analysis of Catalyst: AP-10
Yror Miller Index: (111) _ N
Support treatment: W-3 ' :

Catalyst Data File: XRAY14
Support Data File: XRAV11

SUPPORT CORRECTION
Support Scalinngactor: 0.95

Linear Baseline ( (26mn, Imn) to (260mx, Imx) )
( 1.° 26,%xx*x c/s) ( 0.° 20,%xxx c/s)

"MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
* (Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
36.50 : 2.5

MARQUARDT FIT OF THE DATA
| Centre of Fit Range:40.10
Rang#f Studied:  3.00 ° 26 :
No. Iterations: 14 Converged: YES
Z (error)?/Angle: 26.20(C/S)*%2/° 26
FIT PARAMETERS (see Equation 3-44):

Bi= 116.0 B2= 104.64.X0= 39.750 T= 0.89370
N B3= 8.558 B4= 14.6640 B5= 0.6694

7/ RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 124.58 c/s B,,,: 0.00432 rad |
Area: 0.8664 rad*c/s Integral Breadth: 0.006950 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Staﬁdard Integral Breadth= 0.004010

- <La1> (Geometric, Fourier) = 13.70 nm
' <La2> {(Numerical, Fourier) = 10.10 nm
<Lv1> (Scherrer) = 28.87 nm
<Lv2> (Numerichl, Fourier) = 21.11 nm

Fraction Detected > 0.950 .<Lv>/<La5 =J2.10

b -
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CATALYST AND SUPPORT IDENTIFICATION
RRRKRKKRKK kKK Kokokkkok ok kokokk ok koK ok ok ok ok KKk

Analysis of Catalyst: AP-11
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File:. XRAY72
Support Data File: XRAV69

SUPPORT CORRECTION

Support Scaling Factor: 0.95 ‘
Linear Baseline ( (26n,, Imn) t0 (20mx, Imx) )
(34.° 26,1.0°t/s) (50.° 26,0.0 c/s)

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 26) Magnitude (c/s)
38.00 0.0 A

MARQUARDT FIT OF THE DATA

Centre of Fit Range:39,80

Range Studied: 6.00 ° 26

No., Iterations: 19 Converged: YES

Z (error)?/angle: 42.33(C/S)*x2/° 26
L ’ '

FIT PARAMETERS (see Equation 3-44):

Bl= 4.0 B2= _ 0.44 X0= 39.935 T= 1.06250
B3= 4.571 B4= 9.71160 B5= 2.4960

RESULTS-CALCULATEb DIRECTLY FROM FIT:

Peak height: 8.52 ¢/s B,,,: 0.0 rad .
Area: 0.4808 rad*c/s ' Integral Breadth: 0.056440 rad

CALCULATED WITH OTHER RESULTS,

R

From File: XRAY27 Standard Integral Breadth= 0.004010
<La1> (Geometric, Foﬁrier) = 2.86 nm .
<La2> (Numerical, Fourier) = 2.08 nm
- <Lv1> (Scherrer) - g = 2.91 nm
<Lv2> L(ﬁgnir’;cal, _F%&;) = 4.28 nm

’ | < | S,
Fraction Detected = 0.780 éLv>/<La>.=a1.46 Y

A

#
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CATALYST AND SUPPORT IDENTIFICATION
KEKKKRKE Kk¥ KARKKRk kAR KRXR KKK KKK
Analysis of Catalyst: AP-13
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY37
Support Data File: XRAV69 o

SUPPORT CORRECTION

Support Scaling Factor: 0.95 .
Linear Baseline ( (20mn, Imn) to (260mu, Imx) )
(34.° 2,0.0 c/s) (50.° 26,0.0 c/s)

-
\

MAGNiTUDE AND LOCATION OF "SPURIOUSﬁ PEAKS
" (Due to Heat Treatment Support Changes)

Angle (° 28) Magﬁltude (c/s)
- 38.00 0.3

MARQUARDT FIT OF THE DATA-. . : ‘
‘Centre of Fit Range:40.50
Range Studied: '5.00 ° 26 W
No. Iterations: 20 Converged: NO -
L (error)?/Angle: 8.47(C/S)**x2/° 26
FIT PARAMETERS (see Equation 3-44)%

Bl=._ 4.8 B3= ~ 0,02 0= 39.935 T= 16.41000
B3= 5. 93&’34— 8.4180 B5= 0.5108 :

RESULTS CALCULATED DIRECTLY FROM FIT:

Peak height: 10.75«c/s B,,,: 0.02019 rad
Area: 0.4410 radxc/s Integral Breadth 0.041000 rad

CALCULATED WITH OTHER RESULTS
. From File: XRAY27 Standard integral'Breadth= 0.004010

.

2.08 hm

<Lal> (Geometric, Fourier) =

<La2> (Numerical, Fourier) = '2.10 nm
<Lv1> (Scherrer) . = 4,01 nm
<Lv2> (Numerical, Fourier) = 3,92 nm -

Fraction Detected = 0.720 ¢<Lv;/<La5;=!

©

—,
*

;90

S5

e '.
FRLES T N
BRI
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CATALYST AND SUPPORT IDENTIFTCATION -
KRKKEKKE KKK KRKKKEK FEERKEK KKK K KKK

Ana1y51s of Catalyst: AP-14 ’
For Miller Iadex: (111) '
Support treatment: A-3

Cafalyst Data File: XRAY73
Support Data File: XRAV69

SUPPORT CORRECTION

Support Scaling Factor: 0.95 /
Linear Basellne ( (26mn, Imn) to (20mx, Imy)')
(34.° 26,0.5 ¢/s) (50.° 26,0.0 c/s) ‘

MAGNITUDE AND LOCATION OF "SPURIOUS" PEAKS
(Due to Heat Treatment Support Changes)

Angle (° 260) Magnitude (c/s)
36.70 2.0
45.00 1.0

MARQUARDT FIT OF . THE DATA . ‘
Centre of Fit Range:39.80
Range Studied: 4.00 ° 26 : :
No. Iterations: 20. Converged: NO -
Z (error)?/Angle: 33.50(C/S)*%2/° 20 ‘
FIT PARAMETERS (see Equation 3-44):

B1= 4.8 B2= 2.98 X0= 39.820 T= 2.59300
'B3= 5.684 B4= 0.2900 B5= 1.1654 . .

RESULTS CALCULATED DIRECTLY FROM FIT'

Peak helght 10 53 c/s Bi,q: O 02467 rad
Area 0. 3757 rad*c/s Integral Breadth 0. 035670 rad

CALCULATED WITH OTHER RESULTS

 From File: XRAY27. Standard Integral Breadth= 0.004010 .

- <Lal1> (Geometric, Fourle ) = '2.91 nm
<La2> (Numerical, Fourier) =. 3.00 nm 4
LLv 1> (Scherrer) = 4,63 nm Y

= - 4,47 nm b

<Lv2> (Numerical, Fourier)
. 5

Fraction Detected = 0.607 <Lé$/<La> = 1,54
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CATALYST AND SUPPORT IDENTIFICATION
FERRRKKE KKK KEKKERE KRRERXARERR LKk
Analysis of Catalyst: AP-16
For Miller Index: (111)
Support treatment: A-3

Catalyst Data File: XRAY87
Support Data File: XRAVE9

SUPPORT . CORRECTION
Support Scaling Factor:“0,95 S _
Linear Basellne ( (260mn, Imn) to (26my, Tmx)d
(34.° 26,0.0 ¢/s) (50.° 26,0.0 c/s).

- MAGNITUDE AND LOCATION OF "SPURIOUS™ PEAKS
(Due‘to. Heat Treatment Support Changes)

7’~(" 26) Magnltude (c/s)

0 0.1

e Kt -

- MARQUARDT FIT OF THE DATA °
Centre of Fit Range:40.00
Range Studied: 6.00 ° 26
No. Iterations: 20 - Converged: NO
L (error)?/Angle: 32.67(C/S)*%2/° 28

FIT PARAMETERS (see Equation 3-44):

B1= 6.7 B2=  9.62 X0= 40 050 T= 0.77870
B3= 5.153 B4= 0.1773 B5= 1.1834

RESULTS CALCULATED DIRECTLY FROM FIT'

Peak height: 11.83 ¢/s B1/z: 0.02796 rad
“Area: 0.512) rad*c/s -Integral Breadth: 0. 043270 rad

CALCULATED WITH OTHER RESULTS,

From File: XRAY27 Standard Irtegral Breadth= 0.004010

<La]> (Geometric, Fourier) = -2.62 nm
<La2> (Numerical, Fourier) = 2.46 nm
<Lv1> (Scherrer) - = 3.81 nm
<Lv2> (Numerical, Fourier) = 3.90 nm

Fraction Detected = 0.830 ‘<Lv>/<La> = 1.52

K



’ : ' 166
) \J '

12.1 Program RYRAY
‘ o

' N .
12.1.1 User DQcumentation - o

-

THE UNIVERSITY OF ALBERTA - REPT. OF CHEMICAL ENGINEERING

DACS CENTRE PROGRAM DOCUMENTATION
THE UNIVERSITY OF ALBERTA DEPT. OF CHEMICAL.ENGINEERING
DACS CENTRE : PROGRAM DOCUMENTATION

**;************************************************r****'lk***

NAME: RXRAY
DATE: 83-07-15

‘ ABSTRACT:. This program is used to collect data from the s-ray
diffraction machine and store them on disc file. The name -of
the file .is:

XRAYNn o

where 'nn' is to be designated by the user. The data is stored '

as pairs (angle-intensity) with, '

- v
Angle = 2 * THETA * 100 Degrees (Integer)
Intensity = Counts per second (Real)
W . Ty
{ . a,

-
rue

AUTHOR: Bill Pick . & " . R

SOURCE LANGUAGE: FORTRAN

+

TYPE: Program (Real-time) _ ' L
LOCATION: &RXRAY::135 = _ , kN
USAGE: - ~ ‘ . )

Iff running the program, the user is required to'input the
necessary information through the terminal. The program will
prompt the user for the following: -

(1) Run number for the experiment in 2 alhpa{humerical g
characters. These two characters will become the .
"-second part (the 'nn') of the output filename, XRAYnn

72) Maximum angle for measuremeht in 2 * THETA *100 Degrees ;

(3) Time per step in seconds.

v.?'.



' leen the followrng 1nformatlon of a x—ray dlffrébtlon run,

2

A
A

- After the time per step is 1nput by the user, the operatlon df

the program will be detached from the terminal. To recoverfthe'
operation of the terminal, press the key 'RETURN and -answer ‘the

"#$=21 COMMAND. ?' with 'RS'. The program is.now ready to collect

data from the. X-ray machlne and store them in the designated

v‘ffrle " When the maximuh angle for measurement has been reached,

‘the program Will stop automatlcally ‘The resulting data file
can be: llsted on a termlnal byﬁmyplng in the followrng command.m

. ' :LI,XRAYnn.JU.l35

KA

. where 'JU' is the securlty code and 135' is the cartrldge
. number of the file XRAYnn . ,

7 | T L*
£ _— e . s
. P . . »
ADDITIONAL INFORMATION ST T ,”‘A
Any data)?ile can’ be represented graphlcally and plotted by - .

plottlng 1nstructlons,q%leaSe see. the user' s¢ manual for the
HP 2648A terminal in- the . DACS centre. . e L S o

‘
I3} . ‘ . ]
v . . < u . L

.

“4

9
o/
: Mlnlmum*ADgle = 34 ) (Z*THETA) Degrees éﬁ Yoo
Maximum Angle =- 84.0 [(2*THETA) Degrees ks '
¢ Scanning Rate = 100 Secomds Per 0.05: (2*THETA) Degrees
' Data to be stored in file: XRAYL1 v

n

. o -
a typical‘printoutrof the terminal session .n running the
.program RXRAY is as followed: - . :

PR

***_***Jc**'*************y*********'**************'***********
-~ X . : .Q

:RUN;RXRAY . - o . A e

-using’ the Auto Plot feature of. tHe HP 2648A° termlnal .For the .o

167

B

ENTER THE RUN. # FOR THIS RUN , o S

L1 . ~ ; - o o
ENTER THE. MAX . ‘ANGLE AT WHICH READING WILL STOP

8400 . \ L 4

' ENTER ‘THE TIME PER STEP , . S

.100.0 .. L N . Lo

S=21 COMMAND ?7RS o D '

FMG32 'ABORTED . - Ty

v f - . —

(o]
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~

e :
-12.1.2 FORTRAN ‘Progrin# RXRAY _ .
FTN4 . oK o ‘ .
PROGRAM RXRAY (3,70), - PROGR&M' Tp COLLECT REAL DATA <840707.2129>
- DIMENSION IDCB{144),NAME (SRARI(10), I1SIZE(2) , INBUF (40)
DATA NAME/2HXR,2H ,2H ./fSelghs/ :
DATA 'LAST1, MASTZ/O 07 )

o ﬁ%u- A : ‘ : ‘ Coo e
LUT=22 S o R Lo
C : “Arsy . ‘ -‘hlta -
C N . o . i .
10 WRITE(LU,100) S

100 FORMAT(/5X,'ENTER THE RUN # (FOUR DIGITS) FOR THIS R @g (
READ(LU,110) NAME(2), NAME(3) N . TR

110 FORMAT(2A2) ., v oL o ‘\'ﬁ|5¢

' DO 1000 I=1,10 © R o )

FE by -

.1000 IBUF(I) 2H
WRITE(LU,1100)
llOO‘ FORMAT(SX, 'ENTER SECURITY CODE FOR YOUR DATA FILE )y

o CREAD(LU,210) (IBUF(I),I=1,10) - .
7 . CALL’ PARSE(IBUF, 20, INBUF) . ‘ Coae e
" NAMEC4)=$NBUF(2), | . -, o : .
WRITE{$U#1200) . - - ‘ L e

FORMAT(S5X, " ENTER CART. NO. WHERE YOUR FILE IS 0 BE cnhaman y
READ(LU.*) NAME(S) /

°  IF(INBUF&L).EQ.0.OR.INBUF(L): EQ.2). WRITE(LU 1300>$(qut11) I=1,5) . .-
-1300 FPRMAT(//,2X, 'YOUR FILE IS% ',3A2,';',R2, " /I3, ”z T

T IF(INBUR(D). Eg 1); WRITE(LU, 140QQ QNAME(I) I=1,5Y e . 9 -
g 400" FORMAT(//, 2X, YOUR FILE IS: ,3A2 EAFRCIRE YIS T o ‘
- 7« "WRITE(LU,1500) : o o ' FSEAR |
5o 1500 FORMAT(2X, g?bTHE INFORMATION CORRECT’ (Y/N)! ) _— : '
. READ(LU,1600)" IANS =~ - & - .o
' 1600 FORMAT(AL) s RS ' S o
0 IF (IANS.NE- 1HY) GO TO 10 v C Tl
C ' . D ' e e N
115 WRITE(LU,120) ° ’ o ' oo ~ g-@ .
120 FORMAT(/5X, 'ENTER THE MAX. ANGLE AT WHICH READING WLL STOP') .-
. READ(LU,*) MAXANG ~ L L.
- IF(MAXANG.GT.10700) GO. To,lls . S ) _— .
- WRITE(LU, 130) ' . . ‘
130 FORMAT(/,5X,'ENTER THE TIME PER STEP') L A
"READ(LU,*) TIME AP L
. C t : : T Aoy
. CALL DTACH . ' P IV LTy
C . . ~ ; T Kl "5 ." i
CALL CREAT(IDCB IERR, NAME, 1512&*3 NAME(4) NAME(S)) S e
. - IF(IERR.LT. 0) GO. TO 888 -
5 c
* CALL OPEN(IDCB IERR;NAME, 0 NAME(4) ,NAM™ ) oo ’
.. IF(IERR.LT:0) GO T0 888 Eany B T | -
.C. o e R ,
200 CONTINUE T ) ot c )
. '~ READ(LUT,210) INBUF T R o .



4

FORMAT(40A2)
CALL CODE

READ ( INBiiF, *) IANGLE RINTEN

IF (IANGLE.GT. MAXANG) GO TO 800

IF(IANGLE.NE.LAST1.0R. RINTEN. NE RLASTZ) GO TO 300

GO TO 200

RINTT=RINTEN/TIME

DO 305 I=1,10 -

IBUF(I)=2H
.CALL -CODE :
WRITE(IBUF,310) IANGLE, RINTT

FORMAT (X, IS, 2X,F8.2).

IF(IERR,LT. 0)
LAST1=IANGLE

" RLAST2=RINTEN
.Go 10 200

%]
N

w

TO 888

CALL CLOSE IDGﬁ IERR)

~'IF(IERR.LT. 0) Ge
.GO TO 999 ”1*f

888

WRITE(LU 890) IERR ' - '
FORMAT(/5X, ' TRO&BLE IN P G&LL QﬂERR"'IS)

'STOP/ :'lmv

" CALL WRITF(IDC@}IERR IBUF 10)
. |;}?’

R

‘

=

&G

Co

-



K the results on disc flle " The name of the resulting file is:
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12.2 Prégram XRMD
Y

°

¥2.2.1, User Documentatic

o .8
, > . ‘ .h,/ ' N
'THE UNIVERSITY OF ALBERTA - DEPT. OF CHEMICAL ENGINEERING
DAQ§ CENTRE "~ " . PROGRAM DOCUMENTATION
********************************‘***,******r************
NAME: XRMD :
. Do

DATE;, 83-07-18 . A .-71,‘ L

ABSTRAC$ Thls program 1s used to perform point- by—pélntégﬁ .
- subtraction between two data files or diffraction profiles and- storev

G ) : - s,
N . 5 : A L

XPTDnn

Vi

S ' o
where "'nn' lS to ‘Be desrgnated hy the user. The data is stored _
.. Aas: palrs (anglerlnteQSLty) with L

l”‘ l" [T

“Angle = 2 * THETA * 100 Degrees (Integer), %
Integs;ty = Counts per second (Real) S
AUTHOR: - Bill Pick ®
" .SOURCE LANGUAGE: \FQRTRAN .
? N c . - at o N ‘
# ' i
. TYPE: Progam - . ‘ /
R . "}_-‘. ¢ \\\
LOCATIQN: &XRMD::135 . . g ' .
¢ . r ‘ L. - ; . :
USAGE: oy ' ;

N

Lo ¢

In runnlng the progﬂ!m the user liireqULred,to input the
necessary:information” through the termipal. The program will
prompt the user for the following: IR - "

-

3

~

(1). Filename for input file #1. For example, this can be the
g fllename of-a dlffractlon profile of a catalyst.

(2) Filename for input file #2. For example, this can be the
filename of a diffraction profile of a catalyst support.
(Same catalyst support as in file #1.)

(3) Angle shift for'flle #1 The angle is a lnteger 1n
degrees of 2 * THETA * 100. . . £

-
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(4) Angle shift for file #2. The angle is 'a-integer 'in
degrees of 2 * THETA * 100. '

*(5) Scaling factor for £ le #1. Enter 1.0 to retain the
‘ original data. :

(&) Scallng factor for file #2. Enter”l.0 to retain the
: orlglnal data. . T G
5. .

(7) Name of the reﬁﬁ%ting file in 2 alpha-numerical characters.
These two chara®ters will become the second part (the 'nn')
of the output fllename, XPTDnn. '

r .

(8) Hﬁ&atlon of the basellne The basellne is specified

by giving its two endpoints in the follow1ng order,

b

IANGl BASEl IANG2,BASE2

05 WhERE iﬂﬁGl and IANGZ2 are the angles in dﬁgrees 2*THETA*100
gpggﬁgl and BASE2 are the 1nten51t1e§ in counts per

sa:and g o : -

‘ N [?g g w ﬂv =) B L 4

(9). Enter 'O to zefb all negatlve results if- desx&eﬂ IR
¢ ' . )

- ! . S A

Any data flle can be represented graphlcally and plotted by .
using the Auto Plot feature.of the HP 2648A terminal. For the L
plotting instructions; please.see the user's manual for the o
HP 2648A terminal in the DACS centcre.

R = . ' QI)' : R
EXAMPLE r8iven the following 1nformat10n, ) - .
' ﬁ?f . B 2
Name of file 4l = XRAYL9 (Catalx;&,support) . , 4 -
Name of file #2 = XRAYLS (Catalyst) ° B ,
Angle shift for file #1 = 0 ‘o LT
Angle shift for file #2 = 0 - R . . _—
Scaling factor for file #1 = 1.0 o .
Scaling factor for file #2 = 1.0 ¢ : v T

' Endpoints of the baseline § (4200,0.0),(5000,0. O) 4 L

/éubtracted proflle to be in file: XPTDL1 .
. § -

- typical prlngout of the termlnal‘seSSLOn in runnlng the
-Program XRMD is. as‘fgllowe&. S R Y RS S Ly

:,****************************************‘************ * K :

:RUN, XRMD

ENTER THE FILENM FOR INPUT FILE 1
XRAYLQ

ENTER THE SCALING FACTOR FOR FILE 1 ' -
1.0 ‘ _ ok
ENTER THE INTEGER ANGLE SHIFT FOR FILE 1

-



DEGREES 2*THETA:* 100

0 -

3 A (1
ENTER THE FILENM FOR FILE 2 .
XRAYLS - -

)

ENTER THE SCALING FACTOR FOR FILE 2
-.1:0-

“?"ENTER THE ANGLE SHIFT FOR FILE 2

0
ENTER THE # FOR THE XPTD FILE
L1
ENTER THE TWO POINTS FOR LINEAR BASELINE AS...
. IANG1,BASE1;IANG2,BASE2 -§ °
4200,0.00,5000,0.00 - ° f e .

ENTER" '0' TO zano ALL NEGATIVE RESULTS Y A

Sl e "
XRMZl : STOP (0000

'

172 .
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12.2.2 FORTRAN Program XRMD .

g,

t-XoNe B

¥

-

ndanan

30

- 33

A0

00N

- . 'na -
PROGRAM XRMD(), PROGRAM FOR CALCULATE»TKE x RAY METAL.DIFFRACTION
INTEGER A,C,X - . R S

DIMENSION IBER1(144),IDCB2(144), IDCB3(144) NAMEl(S) NAMEZ(S)
DIMENSION NAME3(5), IBUF(10), 15122(2) A

DATA IS1ZE/40,10/,C/0/,D/0./, NAMEL/2HXR, 2HAV , 2H00, ZHJU/ L
DATA NAME2/2HXR;2HAV,2H00,2HJU/ = R sy
'DATA NAME3/2HXP szD zaoo 0, 135/ _ R

E . S h 3 : . u . U

ar o - . v . R . v

Key VarlableS'
. ,fﬁ— Integer Angle in flrst flde (DEG Z*THETA*lOO) )
Red, .Intensity from file #1 (c/s)y - .. T

fs, e e L s

Integer Angle, - filew2® 4

Real. Intensify, flie,#Z’(tés) v;f ,ffiy.‘ Q 'fv ;a7
.~ Integer. Angl@ for, Output B T
- Output Inten51ty { e T
'WRITE (1,10) "*' woma Ya

"FORMAT(/, 'ENTER THE FILEN@ FORUINPUT FILE 1’ )
READ(1,20) (NAME1(J),J=1, 3) - R .
FORMAT(3A2) ' ’*w - e
- IF (OPEN(IDCB1, IERR, NAMEL, o NAME1(4) NAMEl(S)) LT.0) GO TO 888
WRITE(1,23) v

EORMAT(/, 'ENTER.-THE SCALING FACTOR-FOR.FILE 1') .
READ(1, *)SCALl ' . , ,
WRITE(1727) e

( - __-5; MK,

274: ‘FORMAT{ 'ENTER THE IN"I‘EGER ANGLE SHIFT FOR FILE 1"

37

& /,5X, 'DEGREES 2*THETE * 100") g
READ(1,*) IMV1 . \

WRITE(1,30) ‘ ‘

FORMAT(/, 'ENTER THE FILENM FOR INPUT FILE 2' )
READ(1,20) (NAME2(J),J=1,3)

WRITE(1,33)

FORMAT(/, 'ENTER THE.  SCALING FACTOR FOR FILE 2")
READ(1,*) SCAL2 : , .
WRITE(1,37) , ’ ' : -
FORMAT('ENTER THE ANGLE SHIFT FOR FILE 2') =
READ(L,*) IMV2

: IF(OPEN(IDCBZ IERR,NAMEZ2, 0, NAME2(4) NAMEZ(S)) LT.0) GO TO 888

45

WRITE(1, 40)
FORMAT(/, 'ENTER THE # FOR THE XPTD FILE')
READ(1,20) NAME3(3) ‘
WRITE(L,45) C

FORMAT ('ENTER TWO POINTS FOR A LINEAR BASELINE AS...'
& /,5X, ,IANG1,BASEL, IANG2,BASE2, ") , .
READ(I&#) ‘IANG1, BASEl, IANGZ BASE2 « s % -

.'BASEﬂ=RKl*IANG +RK2
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100
110

“200

210

500

600

610

620

777

"% p=h+IMV

- IF(CLOSE(IDCB2, IERR).LT.0) GO TO 888 . o

q
R
. RK1: (BASEZ BASEL) /FLOAT(IANG2-IANG1) - .o
RK2=BASE1-RK1*FLOAT ( IANG1) o
- WRITE(1,50) . e

FORMAT( "ENTER "0" TO ZERO ALL NEGATIVE RESULTS')
READ(1,*) IZERO )
GALL CREAT(IDCB3,IERR,NAME3, ISIZE, 3 NAME3(4) NAME3(5))
IF(IERR.LT.0) GO TO 888 -
IF(OPEN(IDCB3 IERR, NAME3, 0 NAME3(4), NAME3(5)) LT 0) GO TO 888

- DO 110,-I%1,10 | o L
IBUF (B =2n . : Lol

CALL READF(IDCB1, IERR IBUF, 10, LEN) S
IF(IERR.LT.0) GO TO 888 ' ——
IF(LEN.EQ.-1) GO TO 500 ‘

CALL CODE '
READ(IBUF,*) A,B

IF(A.EQ.C) GO TO 600
IF(A.LTC) GO TO 100

DO 210 I=1,10
IBUF(I)=2H . SO .

v P N LI .
CALL READF(IDCB2,IERR,IBUF,10,LEN)
IF(IERR.LT.0) GO TO 888 :

IF(LEN.EQ.~1) GO°TO 500 “ -

CALL..CODE : ‘

READ(IBUF,*) C,D " L '
C=C+IMV2’ d . i
IF(C.EQ.A) GO TO 600 s K\\

IF(C.LT.A) GO TO 200

. Gd TO 100 .
© IEND=1 .

LeND= ,
BASEL=RK1*X + RK2 R
Y=B*SCAL1-D*SCAL2 - BASEL PR \
_IF(IZERO.EQ.0.AND.Y.LT.O. 63 Y=0.0

DO 610 I=1,10
IBUF{I)=2H. - : ' RN
CALL CODE . ' .

WRITE(IBUF,620) X,Y : o S PR

FORMAT(I5,2X,F8.2) | _ oo
CALL WRITF(IDCB3,IERR,IBUF,10,LEN) o :
IF(IERR.LT.0) GO TO 888

IF(IEND.EQ.1) GO TO 777 e

GO TO 100 : _ \

IF(CLOSE(IDCBL, IERR).LT.0) GO TO 888  °

174 -
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IF(CLOSE(IDCB3, IERR) .LT.0) GO TO 888
GO TO 999 . - .
o ,
‘888  WRITE(1,890) IERR
=890  FORMAT(/5X, 'TROUBLE IN. FMP CALL. IERR= 'I5)
Yo _ )

-

999  sTOP | X
END ‘
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12.3 Program XRDAV
12.3.1 USer.Doéumentation
THE UNIVERSITY OF ALBERTA - DEPT. OF CHEMICAL ENGINEERING
o v °
DACS-CENTRE : PROGRAM DOCUMENTATION
*****?**********************************************,
NAME: XRDAV S ‘ : .
DATE: 83-07~18 : , ‘ 7
ABSTRACT This. program is u5ed ‘to perform p01nt—by-p01nt averag-
ing between two data files or diffraction: profiles and store the
the results on disc file. The name of the resulting file is:
XRAVNN :
where 'nn' is to be designated by the . user. B data is & red
as pairsg(angle-intensity) with, 3 v - ; L s
. . W T ol :
L B T CEYey ,
o ,Angle = 2 * THETA * 100 Deg . {%Integers‘iﬁ, L
. ~ Intensity = Counts per second (R ‘gﬁ = o o
AUTHOR: Bill Pick L
'SOURCE LANGUAGE: FORTRAN
TYPE: . Progam
LOCATION: &XRDAV3:135
. USAGE: . : o , o D ~ o N

- W <
R }
In running the. prqgram, the user, lstrequlred to input ‘he
necessary 1nformatlon through thei terminal. The program will
prompt the user for the follow1ng e
: 4
(1) Filename for'lnput~file #l. . b
‘(2) Filename for input fllé‘#z ii;
h s
(3) Name of the resultlng file ln 2 alpha numerical characters-
These two characters will become the second part (the 'nnf') -
of the output filename, XRAVnn. - :

ﬂ
1

ADDITIONAL INFORMATION: - .

J

i}

Any data file can be represented grapnlcally and plotted by
«w using the Auto Plot feature of the HP 2648A terminal. For the
plotting instructions, please see the user's manual for the

HP 2648A terminal in the DACS centre.
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EXAMPLE

Theﬂaverage'diffraction profile between XPTDL1l and XPTDL2 is to be

o

calculated. The results are to be stored in file XRAYL1

printout of the termlnal session in running the program XRDAVL1 15
as follows A

o | ‘

< v R . g .
*W************‘**‘***********************é,************

.", a2

:RUN, XRDAV

ENTER INPUT FILE 1
XPTDLL

ENTER INPUT FILE 2

xanLz . SR .
N TR . . - o
ENTER THE # FOR THE XRAV FILE , o

éﬁDAV»:'STOP 0000”

****&****************M*************ﬁ***************

”33¢ . f W, <

HY ..(

177
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'12.3.2 FORTRAN Program XRDAV

FTN4

!

10
30

C

40

100

110

-+ IBUF(1)=2H . B * v

s CALL READF (IDCB1, IERﬁ IBUF,10,LEN)

* . IBUF(I)=2H -

- CALL READF(IDCBZ IERR, IBUF 10, LEN)
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PROGRAM XRDAV(), PROGRAM FOR CALCULATE THE X-RAY DIFF AVERAGE
INTEGER A,C,X .
DIMENSION. IDCB1(144),IDCB2(144), IDCB3(144), NAMEl(S) NAMEZ(S)
-DIMENSION NAME3(5),IBUF(10),ISIZE(2)

DATA ISIZE/4O lo/,c/0/,D/0. / NAME1l/2HXR, ZHAY 2H00, 2HJU, l?S/
-DATA NAME2/2HXR, 2HAY, 2H00, 2HJU, 135/

DATA NAME3/2HXR, 2HAV,2H00; 2HJU, 135/

Key Variables:

A - Integer Angle in flrst flle (DEG 2*THETA%100)
- Real Intensity from file #1 (C/s)
- Integer Angle, file #2 -

- Integer Angle for Output - o R
- Output Intensmty ] ’ g R

<O O0w

WRITE (1,10) : o T & ,
FORMAT(/, '"ENTER INPUT FILE 1') - R L T
'READ(1,20) (NAMEL1(I),I=1,3) , e e “5-

o FORMAT(3A2) = » . ¢
“&» IFIOPEN(IDCBL, IERR, NAMEL, 0, NAMEL(4), NAMEl(S)) LT. 0) 60 TO 888

WRITE(1,30) e
FORMAT(/, 'ENTER INPUT FILE 2') . . . ' N

. READ(1,20) (NAMEZ(I) I=1,3) \
: IF(OPEN(IDCBZ IERR, NAMEZ2, 0, NAME2(4) NAMEZ(S)) LT.0) GO!TO 888

a4 .
x' N .

WRITE(1,40) ‘ o , L K%
FORMAT(/, 'ENTER THE # FOR THE XRAV FILE' ) g
READ(1,20) NAME3(3)

- CALL CREAT(IDCB3,IERR,NAME3,ISIZE, 3, NAME3(4) NAMES(S)) N

IF(IERR.LT.0) GO TO 888
'IF (OPEN(IDCB3,IERR, NAME3, O ﬁAME3(4) NAME3(5)) LT 0) GO TO 888 ‘

* LN

DO- 110 I=1,10

IF(IERR.LT.0) GO TO 888 :
_IF(LEN.EQ.-1) GO TO 500 -+ . i .ot
CALL CODE . RN .-

' 'READ(TBUF,*) A,B % 5 o
IF(A-EQ.C) GO TO 600

TIF(A LT.G) GO.TO 100

DO 210 I= 1,10 R 2

[ : ' . N

IE(IERR.LT.0) GO TO 888

- IF(LEN.EQ.-1) GO TO 500, = = = .=
'CALL CODE ‘ ,

- Real Intensity, file #2 (c/s) e



888

890

999

'READ(I‘BUF,'f‘) CrD . ' .
IF(C.EQ.A) GO TO 600 . : -
IF(C.LT.A) GO 1O 200
GO . TO 100
IEND=1 :
. ) J
X=A7“f - B ey
Y=(B+D)/2. , o
DO 610 I=1,10- . . S .'.
IBUF (I)=2H R . &
* CALL CODE .. - e oA
WRITEGEBUF,820) X,Y . ® - ST
FORMAT (15,2758.2) : e e

'CALL WRITF(,IDCBB IERR, IBUE 10, LEN)

A i s
IF(IERR, L%%O) GO: T0 888 S ;j¥_,;,<ffff

. IF(IEND,EQ%L) Go TO 777
"GO TO 1CﬁF . .
-IF(CLOSE(IDCBl IERR) LT.0) GO TO 888 R
IF(CLOSE(IDCB2, }8BR) .LT.0) GO TQ 888 o
IFQCLOSE(IDCB% %) .LT.0) GO TO 888 , o
Go TO 999 : S e .
: WRITE(l 890) IERR o ‘
FORMAT(/SX 'TROUBLE N@gmp CALL. IERR= 'Is?'g
, _ . . f)-‘m
STOP 'jv - jf 1 o S .
END - A . ‘ B
i ‘ s . el
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gz, & 12:¢.1 USer Documentation
". - THE UNIVERSITY OF ALBERTA
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,DEPT. OF CHEMICAL ENGfﬁEERINGs

-

PROGRAM DOCUMENTATION

* DACS CENTRE

A , and heir, standard deviatlons.

********‘********"*******************************ﬁ**
Ly . 3
- ) . -

©

D - ‘ .
Delta Angle is typically 0.05 Degrees (2*THETA)
' this can be any value, but*must be the same
’througnout input file - o
' Rznt = Iritensity in counts -per second -
The fzsults are output_elther to the!termlnal or llne prlnﬁfr
specified by the user. Five columns of numerical-results are .

presented’in the results, 4 "ﬁi

; : . \ '
The angle_in degrees Z?THETA

'(l) 1st Columnsnw
(2) ‘2nd and 3rd Columns v The cumulatlve Lntegrated areas and
the standard devxatlons. S f _
. . /' ~ - '

(3) 4th and 5th Columns. The lntegrated areaS/for each lnterval

- & . \ P - ’B V ;i )
In. addltlon, an optlon for prlntlng out the autoéorrelatlon '
" .

coeff1c1ents is. prov1ded R SN ;

| 'NAME: XINTG | | K

; " DATE: 83-07-18 .

_ KBSTR.AC‘I‘ ThlS program is used f;%’galculate the "area under a x-ray .. &y
,i“~j dlffractlon proflle with, ‘ . :
% : , Integrated Area = (Delt%gle) * Rlnt T

“where’ S DR RN

. Agraon. Bill Plck L . 7 ~
rf‘soURCE'uANGUAGE. FORTRAN | SRR 2” | L
| rypE: pn5qamd'7 o R 145// T
 LOCATION: &XINTG::135 | ;\/v ?[fé» P
USAGE:‘ o "tw | s B
In runnlng the program, the user‘ls requxred to lnput the \.;.' :

vnecessary information through the termlnal

The program will

prompt the user for the following: .
. . i N [N
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(1) Input filename with the diffraction profile of interest.

(2) Catalyst identification code in 4 alpha-numerical charact-
ers. This will be printed out along with the results.

(3) Minimum and maximum angles in degrees (2*THETA) for the
integration to take place.

(4) Data output device. Enter 'l' for terminal or '6'
for line printer as output device.
Output can also be to a disc file - see DACS centre for details

.~
-~

(5) Scaling factor for the input file. Enter 1.0 to retain
the original data.

(6) Enter 'l' to list the autocorrelation coefficients if
desired. ’ )

(7) Enter 'l' to perform a-new integration or '0' to stop.

.

EXAMPLE:
Given the following information,

Name of input file = XPTDL1l (Subtracted Profile)

Catalyst ID code = CAT1 .

Minimum angle (start integration) = 42.5 Degrees (2*THETA)"

Maximum angle (stop integration) = 49.5 Degrees (2*THETA)

Output device = Line printer o
{

A typical printout of the terminal session in running the
program XINTG is as followed:

****************************t***********************

:RUN, XINTG

ENTER THE FILE LOCATION OF THE SUBTRACTED DATA
XPTDLl

 ENTER THE CATALYST IDENTIFICATION CODE (EG PIl6)
CAT1

ENTER THE MIN AND MAXIMUM ANGLES OF INTEREST
42.5 49.5

ENTER DATA OUTPUT DEVICE (1=TERMINAL,6=LINE PRINTER)
6 .

ENTER THE SCALING‘FACTOR FOR FILE XPTDL1 '
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1.0°
ENTER 'l' TO LIST THE AUTOCORRELATION COEFFICIENTS
1
ENTER 'l' TO CONTINUE,'Q' TO STOP
0

XIN21 : STOP 0000
. . :
****************************************************
. .

\

SAMPLE OUTPUT:

*'k***************************‘***********************

' *CUMULATIVE INTEGRATED PEAK AREAS*
FOR CATALYST:CAL2
« IN FILE:XPTDL2

ANGLE CUMULATIVE LAST
INT STD. DEV. : INT STD. DEV.
42.50 0.000 . 0.000 \ 0.000 0.000
43.00 .192 .794 v ,38¢4 .738
43.50 .299 .710 L214 .614
44.00 .091 . 806 -.416 .923
44.50 .132 —. 815 .081 .882 .
45.00 191 0 . L9711 ) .118 1.509
45.50Q .059 1.001 -.264 1.163
46.00 .682 1.073 1.246 .764
46.50 2.023 - 1.445 2.702 1.289
47.00' 2.057 1.437 =~ 1.249 .664
47.50 2.737 & 1.389 .160 .874
48.00 -3.680 7.510 -12.835 22.041
48.50 2.110 9,356 11.581 18.144
H 49.00 2.259 8.994 ' .298 1.091
AUTO CORRELATION COEFFICIENTS, AVG= .296
K C(K) .

0 74.631

1 23.629

2 ~-.492

3 . 5.370

4 -16.999

5 -19.442

6 -12.437

7 -6.782

8 -2.282



************************’**-***************************

¢

9

10
11
12
13
14
15
16
17
18
19
20

.105
-.593
-.597
~.981
-.335
1.253
-.458

-1.559
-.405
1.219

-1.145

-2.456

183
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12.4.2 FORTRAN Program XINTG

-FTN4 o
PROGRAM XINTG
o : f
c INTEGRATED AREA=(DELTA ANGLE)*RINT
C
C Key Variables:
C
C DELAN = Calculated Angle Step, Degree 2Theta
C ANG = Angle, Degree 2Theta
o “- SUM = Cumulative Intensity, C/§
C SDT = Cumulative Standard Deviation, C/S
c AVINT = Average Intensity for Previous 10 points
c - SD = 5td. Dev. for Previous 10 points
C C(KK) = KKth Auto-correlation coefficient -
C of the Data -
C

DIMENSION IANG(1000),RINT(1000),IDCB(144)

DIMENSION ICAT(2),NAME(5)

DATA NAME/2H ,2H ,2H ,2H ,135/ R
10 CONTINUE s '

CALL INIT(NAME, IOUT, ICAT,MINAN,MAXAN)

CALL RREAD(IDCB NAME,MINAN,MAXAN, IANG, RINT, IDIM)

WRITE(IOUT,20) (ICAT(I),I=1,2),(NAME(I),I=1,3)
20 FORMAT(//,SX, '*CUMULATIVE INTEGRATED PEAK AREAS*',

& //,10X, 'FOR CATALYST:',2A2,/,10X,'IN FILE:', 3A2)

CALL INTG(MINAN, MAXAN,IANG,RINT,IDIM,IOUT)

WRITE(1,30)
30 FORMAT(/,5X, 'ENTER "1" TO CONTINUE, "0" TO STOP')

READ(1,*) ICONT

IF(ICONT GT.0) GO TO 10

C
STOP
END
C
C****************I**************t****'k*********w*******
c
SUBROUTINE INIT(NAME IOUT ICAT, MINAN +MAXAN)
DIMENSION NAME(5),ICAT(2) .
C

WRITE(1,10)

10 FORMAT(/, 'ENTER THE FILE LOCATION OF THE SUBTRACTED DATA')
READ(1,15) (NAME(I),I=1,3) -

15 FORMAT(3A2) “

WRITE(l 20) N ’
20 FORMAT(/, 'ENTER THE CATALYST IDENTIFICATION CODE (EG PIl6)')
READ(1,25) (ICAT(I),I=1,2)
25 FORMAT(2A2)
WRITE(1,40)
40 FORMAT(/,'ENTER THE MIN AND MAXIMUM ANGLES OF INTEREST')
READ(1,*)ANGMN , ANGMX :
MINAN=IFIX(ANGMN*100)
MAXAN=IFIX(ANGMX*100)
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END

o

WRITE(1,60)

FORMAT(/, 'ENTER DATA OUTPUT DEVICE (l=TERMINAL,6=LIﬁE PRINTER) ')

READ(1,*) IOUT
RETURN

C *******'k**********************r/k*********************

c

\

c

~

SUBROUTINE RREAD(IDCB,NAME,MINAN,MAXAN,IANG,RINT, IDIM)
DIMENSION NAME(S) IDCB(144),IBUF(20), IANG(lOOO\ RINT(lOOO)

DATA IOPTN/O/ IL/10/

CALL OPEN (IDCB, IERR, NAME, IOPTN,NAME(4), NAME(S))
IF(IERR. LT 0) GO TO 100

K%iQ/’l

- TWRITE{1,5) (NAME(I},I=1,3)

FORMAT(/, 'ENTER THE SCALING FACTOEVFOR FILE ',3A2)

. READ(1,*) SCALL .

10

50
55

80
90

‘DO 50 K=1" 10000
DO 10 I=1,20
IBUF (I)=2H
CONTINUE
KK=KK+1
CALL READF(IDCB, IERR, IBUF, IL,LEN)
IF(IERR.LT.0) GO TO 80
IF(LEN.EQ.-1) GO TO 100
CALL CODE
READ(IBUF,*) IANG(KK),RINT(KK)
RINT(KK)=RINT(KK)*SCAL1 '
IF (IANG(KK) .GT.MAXAN) GO TO 55
IF(IANG(KK) .LT.MINAN)  KK=0
CONTINUE
CONTINUE
IDEL=IANG(3)-IANG(2)
IDIM=KK
GO TO 100
WRITE(1,90) IERR

“

FORMAT(/, 5X%, TROUBLE IN FMP CALL, ROUTINE RREAD. IERR= ',I5)
100 RETURN - .
END

<

C******************************************************

c

SUBROUTINE INTG(MINAN,MAXAN, IANG,RINT,IDIM, IOUT)
DIMENSION: IANG(1000),RINT(1000)

DIMENSION C(21)
DELAN=FLOAT(IANG(3)-IANG(2))/100.

SUM=0.

SUM2=0.

AVINT=0,.

J=1

JJ=1

WRITE(IOUT,10)

’

10 FORMAT(8X, 'ANGLE',16X, 'CUMULATIVE', 25X, 'LAST',
& /,25X,"INT',11X,'STD. DEV.',9X,'INT',9X,'STD. DEV.'

/)
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50
60

70

80

51
95

101
105

110
115

120
125
130

190
200

DO 90 Ii=1,IDIM

ANG=FLOAT(IANG(J))/100.
WRITE(IOHYT,20) ANG,SUM,SDT,AVINT,SD
FORMAT(5X,F8.2,4(7X,F9.3))
AVINT=0.
SD=0.
DO 50 I=1,10
J=J+1
IF(IANG(J).GE.MAXAN) GO TO 60 ,
AVINT=AVINT+RINT J)/10.
SUM=SUM+DEL..H*RINT(J)
CONTINUE 4
DO 70 I=1,10 -
JJI=JJ+1
IF(IANG(JJ).GE.MAXAN) GO TO 80 .
SD=SD + (RINT(JJ) - AVINT)**2
SUM2=SUM2+(RINT(JJ) - SUM/(FLOAT(JJ)))**Z
CONTINUE
SD=SQRT(SD/9.)
SDT=SQRT(SUM2/FLOAT(JJ-1))

+ 'IF(IANG(JJ).GE.MAXAN) GO TO 91 ]
90 '

CONTINUE

WRITE(1,95)

FORMAT('ENTER "1" TO LIST THE AUTOCORRELATION COEFFICIENTS')

READ(1, *)IAUTO
IF(IAUTO.NE.1) GO TO 200
DO 105 K=1,21 v )
C(K)=0. o
AVG=SUM/ (FLOAT(JJ) *DELAN)
WRITE(IOUT,115) AVG

FORMAT(//,5X, 'AUTO CORRELATION COEFFICIENTS, AVG=',6F8.3,
/5%, "K', 8%, 'C(K)")
DO 130 KK 1,21

K=KK-1

IMAX=JJ-K

DO 120 I=1,IMAX :

C(KK)=C(KK) + (RINT(I)-AVG) (RINT(I+K)—AVG)

CONTINUE

C(KK)=C(KK) /FLOAT(JJ-K)

WRITE(IOUT, 125) K,C(KK)

FORMAT(2X,15,4X,F8.3)

CONTINUE . . .
WRITE(IOUT,190)
FORMAT('1')
RETURN >
END
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12.5 Program XFIT
12.5.1 User Documentation . o
THE UNIVERSITY OF ALBERTA DEPT. OF CHEMICAL ENGINEERING

DACS CENTRE PROGRAM DOCUMENTATION

****t****ﬂk**************k*****************ﬁ*‘*ﬂ***‘******'*

NAME: XFIT

DATE: 83-08-20

ABSTRACT: This program is used to fit observed. X-ray diffraction
profiles (generated by subtracting the measured profiles from the
support profiles using program XRMD) to a modified Voigt profile

with 8 adjustable parameters (B(I)). N
The profile has the form:

F = Fl + F2. " (1)
Fl = B(l)/(l.+U*B(2)*(X-B(3))**2)**3(4)
F2 = B(5)*(EXP(-U*B(6)*(X-B(3))**2))**B(7)

Where:

X=the angle in degrees 2*theta
U=1.0 if x<b(3)
u=b(8) if x>b(3)

Since B(6) and B(7) are not independent, B(7) should be set:
B(7)=1.0

by the user.

The actual curve fitting is performed using the routine, BSOLVE,

by W. Ball (See Keuster and Mize, "Optimization Techniques with

FORTRAN") . _

The program assumes that the profile is generated by the

CuK-alpha doublet X-radiation. Thus two peaks are actually fit,

with identical shape but with locations corresponding ‘to C

Cu-Kalphal (peak ht=2/3*(b(1)+b(5)) and lambdal=0.1540562 nm) °

and Cu-Kalpha2 (peak ht=1/3*(B(1)+B(5)), lambda2=0.1544390 nm).

B(3) corresponds to the Bragg angle for Cu-Kalphal, ie,

lambdal=2*d*sin(thetab)
B(3)=2*theta B ’

Both the observed peak, (with the K-alpha broadening), and

the K-alpha corrected peak can be generated. On regeneration

of the latter the peak is exactly the form given by Equation 1,

the former is broadened as suggested in the previous paragraph.
The program can also be run to determine the parameters for 2
overlapping peaks. To achieve this, the ‘asymmetrical term, B(8),
Should be set: B(8)=1.0. It may also be desirable to fix other
parameters to reduce run time to a reasonable period. )

The program is best operated interactively using The HP-2648A

187
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\
graphics terminal to plot the f1;/;;>ve over top of the raw
data for comparlson _/// .

AUTHOR: Bill Pick

SOURCE LANGUAGE: FORTRAN

TYPE: Program = ' “
LOCATION:‘ &XFIT::135

USAGE: See fhe example run beiow.

EXAMPLE: A typical printout of the terminal session in running
the program XFIT is as follows:

****************************ﬂ********************t*t******

:RUN,XFIT

ENTER THE FILE LOCATION OF THE RAW DATA
OR 'PREFIT' FOR USER ENTERED MOD. VOIGT PARAS.

XPTD17
ENTER THE REGENERATION WIDTH, AND THE (ODD) NUMBER OF DATA POINTS

20.0,201

ENTER THE NUMBER OF PEAKS, NPEAK
1

ENTER DATA.QUTPUT DEVICE (1=TERMINAL,6=LINE PRINTER)
I

ENTER THE CATALYST IDENTIFICATION CODE

AND THE PEAK MILLER INDEX, (EG PIl6 111)

AI-4 111

ENTER THE APPROXIMATE.PEAK LOCA&ION AND THE FIT RANGE “*
41.6,4.0

2

ENTER THE SCALING FACTOR FOR FILE XPTDl7 ,/

1.0
"ENTER 'l' TO APPLY ANGLE CORRECTION
0 : e .
. THE PROGRAM WILL ATTEMPT TO FIND . 1 PEAKS ,

ENTER THE INITIAL GUESSES FOR PEAK'EOCATION
1 -)The (111) peakss of Pt and Ir (& of 50% alloy ?)
2/~ The (200) Peaks of Pt and Ir (+50% alloy 3)

'ter the lnltlal guesses, deg 2*theta//
- //

—



INITIAL GUESSES .
.239E+02

ICON
ICON
1CON
ICON
ICON
ICON

ICON

1]

.100E+02

.406E+02
.100E+01
.239E+02
.100E+01
.100E+01
.100E+01

8

8

PH

PH

PH

PH

PH

1]

PH

]

PH

UPPER LIMITS
.597E+02
.100E+04
-487E+02
.200E+02
.597E+02
.100E+03+00
.100E+04
.150E+01

.47374883E+04
.31143024E+03
.30339307E+03
.17507327E+03
.16583469E+03

.16153442E+03

.15390805E+03

40.6
INITIAL GUESSES ARE:
. GUESS MIN MAX
1 2.39E+01 1.19E+00 . 5.97E+01
2 1.00E+00 1.00E-03 1,00E+03
3 4 .06E+01 3.25E+01 .87E+01
4 1.00E+00 5.00E-01 )2 .00E+01
5 2.39E+01 1.19E+00 5.97E+01
6 1.00E+00 - 1.00E-01 1.00E+02
-7 1.00E+00 1.00E-03 1.00E+03
8 1.00E+00 1.00E-01 1.50E+00
ENTER THE PARAMETER TO BE CHANGED
2 .
ENTER THE NEW PARAMETER MIN, AND MAX FOR NO. 2
10.,0.01,1000. :
hINITIAL GUESSES ARE:
" GUESS MIN MAX
1 2.39E+01 1.19E+00 5.97E+01
2 1.00E+01 1.00E-02 1.00E+03
"3 4.06E+01 3.25E+07. 4.87E+01
4 -1.00E+00 5.00E-01 2.00E+01
5 — 2.39E+01 1.19E+00 5.97E+01
6 1.00E+00 1.00E-01 1.00E+02
7" 1.00E+00 1.00E-03 1.00E+03
8 1.00E+00 1.00E-01 1.50E+00
ENTER THE PARAMETER TO BE CHANGED
0
1 BSOLVE REGRESSION ALGORITHM

LOWER LIMITS
.119E+01

.100E-

01

+325E+02
.500E+00
.119E+01

.100E-

02

.100E+00

 ITERATION

ITERATION

iTERATION
ITERATION
ITERATION
ITERATION

ITERATION

NO.
NO.
NO.
NO.
NO.

NO.

NO.
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ICON = 6 PH =  .13489401E+03 ITERATION NO. = 8 .
o ICON = 6 PH = .11774667E+03 ITERATION NO. = g
ICON = 6 \}H = .11183485E+03 ITERATION NO. = 10
1 5.026815660E+01 »
2 1.35385970E+01 ‘ X
3 4.06342540E+01 -
4 9.10909530E~01
~ 1.19450000E+00 v
6 6.99371100E-01 .
7 3.85308600E+00 ; .
8 7.40073440E-01 ~
ENTER '1' TO STOP ITERATIONS.
0
ICON =6 PH = .10550647E+03 ITERATION NO. = 11-
ICON = 6  PH = .93070511E+02  ITERATION NO. = 12
ICON = 7 PH =  .92185089E+02 ITERATION NO. = 13
ICON =7 .PH =  .89616318E+02 ITERATION NO. = 14
ICON = 7 PH =  .88625244E+02 ITERATION NO. = 15
ICON = 7 PH =  .88315613E+02 ITERATION NO. = 16
ICON = 7 PH =  .88245300E+02  ITERATION NO. = 17
. . ) )
ICON = 7 - PH = .88150681E+02 ITERATION NO. = 18
ICON =7  PH = .88076569E+02  ITERATION NO. = 19 _ 3f
ICON =7  PH = ,87999039E+02 ITERATION NO. = 20
1 4.75993650E+01 u
2 1.91028790E+01 )
3 4.06340790E+01 ‘ )
4 8.87496110E-01
5 2.65672400E+00
6 2.01073840E+00
7 5.05129150E+00
8 7.42260460E-01 '
ENTER 'l' TO STOP ITERATIONS
. B ““~
ICON = 7 PH =  .87953918E+02 - ITERATION_NO. = 21
ICON = 7 PH =  .87830215E+02 ITERATION NO. = 22
ICON =7  PH = .87815933E+02 ITERATION NO. = 23
ICON = 7 PH = ' .87809830E+02 ITERATION NO. = 24

/ .



ICON

ICON

ICON

ICON

5 PH = .87809769E+02
2 PH =  .87B09662E+02
3 PH = .87809616E+02
1 PH= .87809616E+02

NO FUNCTION IMPROVEMENT PQOSSIBLE

SOLUTIONS OF EQUATIONS

B(
B(
B(
B(

B(

B(,

B(

B(

THE LEAST SQUARES OBJECTIVE FﬁNCTION

1)

2)

3)

4
5)

6)

7)

8)

AN

3 ,
.+45558617E+02 *%\\‘

.20868511E+02
.40634384E+02
.84808612E+00
.4?186470E+01E
.20422163E+01
.43941460E+01

.73800778E+00

OBSERVED ' PEAK :

-~

X, ITERATION NO.

ITERATION NO. =

ITERATION NO.

_"ITERATION NO. =

25

26

27

28

= .878096E+02

ENTER '’ - TO, LIST THE CAUCHY FIT PEAK“/

0

0

. K-ALPHA BROADENING CORRECTED
ENTER 'l' TO LIST THE CAUCHY FIT PEAK

THE PEAK IS AT: $$$S$$$S$% OF ITS MAXIMUM AT THE BOUNDARY
THE AREA OF THE PEAK IS ABOUT 44.7220C*DEG/S
THE AREA STUDIED IF:100.0000% OF THIS TOTAL
/XFI21 :

1

03 UN 23540B

"REPORT FOR CATALYST: AI-4 PEAK: (11l1)

LOCATED IN FILE: XPTDL17

N

191



XFI21

I

®dOU e WD

192

- MODIFIED VOIGT PARAMETERS

B(I).

45.55862
20.86851
40.63438
. 84809
4.71865 -
2.04222 L . .
© 4.39415 ‘
.73801.

MEASURED RESULTS: .

PEAK HEIGHT=  50.27727

HALF WIDTH= .54099 .

AREA= 44.72196 ' o

CALCULATED PARAMETERS

BETA=  1.522E-02 RADIANS ..
PHI=(HALF WIDTH)/(INT BREDTH)= 6.082E-01 3
OBSERVED CAUCHY BREDTH: © 1.664E-02 ¢

OBSERVED GAUSSIAN BREDTH: -1.041E-04

: STOP 0000

» G
************************ﬁ***********t*********************



12.5.2 FORTRAN Program XFIT

FTN4

Onnnhnnnnnn'nnnnnnnnnn

LS

10

15

45

50

60

PROGRAM XFIT(4,200)

PROGRAM TO FIT DATA TO THE MODIFIED CAUCHY PROFILE

,SUBSCRIPT(K)—REFERS TO THE ANGLE OR TIME DOMAIN
‘ LOCATION
v X(K)=ANGLE, DEG 2*TRETA

X(500) = 0 => OUTPUT FOR NEW PEAK INCLUDES

K-ALPHA BROADENING
=-1 => OUTPUT FOR NEW PEAK IS K-ALPHA

BROADENING CORRECTED o

IANG(K)=ANGLE, DEG 2*THETA*100

RINT(K)= INPUT INTENSITY CORRESPONDING TO IANG(K)

X(K) = NEW ANGLE

RINTN(K) = NEW (FIT) INTENSITY CORRESPONDING TO X(X)
PARA(I)= PARAMETERS FOR MODIFIED VOIGT PROFILE,

. 8 REQUIRED PER PEAK, UP TO 2 PEAKS

NPAR = NO. OF PARAMETERS INTERNALLY CALCULATED

(SEE ALSO\ROUTINE FUNC) . .

DIMENSION IANG(SOO) RINT(SOO) +RINTN(500)
DIMENSION PARA(16),PARMN(16), PARMX(16)
DIMENSION NAME1(S9), IDCB1(144), IBUF(32)
COMMON X(500) ‘

DATA NAME1l/2H ,2H ,2H ,%HJU,135/
IDIM=500

IAGAN=0 : - L

&

WRITE(1,10)
. FORMAT(/, 'ENTER THE FILE LOCATION OF THE RAW DATA ',
& /,'OR "PREFIT" FOR USER ENTERED MOD. VOIGT PARAS.')
READ(1,15) (NAME1(I),I=1,3)
FORMAT (4A2)
WRITE(1,45) :
FORMAT( 'ENTER THE REGENERATION WIDTH, AND THE (ODD) NUMBER'
& ' OF DATA POINTS')
READ(1,*) WIDTH,IDIMR
NFOR=(IDIMR-1)/2
KCNTR=NFOR+1 . . ,
WRITE(1,50) , '
FORMAT(/,' ENTER THE NUMBER OF PEAKS, NPEAK')
READ(1,*) NPEAK
NPAR=NPEAK*8
WRITE(1,60)

193

FORMAT(/, 'ENTER DATA OUTPUT  DEVICE (1=TERMINAL,6=LINE PRINTER)')

2

3



70

75

80
85

87
90

95

98

100

110

120

130

C

999
END
C

C****

194

READ(1,*) IOUT

WRITE(1,70)

FORMAT ( 'ENTER THE CATALYST IDENTIFICATION GOﬁ%',
& /,'AND THE PEAK MILLER INDEX, (EG PI16 111)')
READ(1,15) (NAME1l(I),I=6,9)

IF(NAME1(1).EQ.2HPR) GO TO 80

W: .TE(1,75)
FORMAT(/, 'ENTER THE APPROXIMATE PEAK LOCATION AND THE FIT',
& ' RANGE')
READ(1, *)PMAX, PRANG
MINAN=IFIX( (PMAX-PRANG/2.)*100.)
MAXAN=IFIX((PMAX+PRANG/2.)*100.)
CALL RREAD(IDCB1,NAME1l,MINAN,MAXAN, IDEL, IDIM, IANG,RINT)
CALL DIST(IANG,RINT,IDIM)
CALL ESTB(RINT, IANG, IDIM,NPAR, PARA, PARMN, PARMX )
CALL FIT(IDIM,NPAR,PARA, PARMN, PARMX,RINT, IOUT1)
GO TO 90
WRITE(1, 85)
FORMAT(' ENTER THE 8 PARAMETERS FOR THE PEAK')
READ(1,*) (PARA(I), I=1,8)
IF(NPEAK.LE.1l) GO TO 90
WRITE(1,87)
FORMAT( 'ENTER THE 8 PARAMETERS FOR THE SECOND PEAK')
READ(1,*) (PARA(I), I=9,16)
CALL NEWX(PARA,IDIMR,WIDTH)
WRITE(1,95)

FORMAT (10X, 'OBSERVED PROFILE:')
CALL NEWPK(PARA,NPAR, IDIMR,RINTN, IANG,RINT, IOUT1)
X(500)=-1,
WRITE(1,98)

FORMAT(//,5X, 'K-ALPHA BROADENING CC . “CTED')
CALL NEWPK(PARA,NPAR,IDIM,RINTN, IAX _,RIl °, IOUT)

IF (NPEAK. GT 1) GO TO 100
CALL RPORT(PARA, IDIMR, WIDTH,KCNTR, 1", RININ, NAMEl 10UT)
GO TO 999
NPAR=8
WRITE(IOUT,110) ) ,

FORMAT(10X, 'HIGHER SPACING PEAK-USUALLY PT')

CALL NEWPK(PARA,NPAR, IDIM,RINTN, IANG,RINT, IOUT)
CALL RPORT(PARA, IDIMR,WIDTH,KCNTR, NFOR, RINTN, NAME1, IOUT)
DO 120 I=1,8

PARA(I)=PARA(I+8)
CONTINUE
WRITE(IOUT,130)

FORMAT( ,10X,'LOWER SPACING pEAk -USUALLY IR')
CALL NEWPK(PARA,NPAR, IDIM,RINTN, IANG,RINT, IOUT)
CALL RPORT(PARA,IDIMR,WIDTH,KCNTR,NFOR,RIN@N,NAMEl,IOUT)

S

2
¢

STOP
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FUNCTION FPRIM(B,X1)
DIMENSION B(8)
U=B(8)
IF(X1.GT.B(3)) U=1.
DELX=X1~B(3)
P1=B(1)*B(2)*B(4)/(L.+U*B(2)*DELX**2)**(B(4)+1.)
P2=B(5)*B(6)*B(7)* (EXP(~U*B(6)*DELX**2))**B(7)
FPRIM=-2.*U*DELX* (P1+P2)
RETURN .

END ,

C

C***************************************\*******************

c
SUBROUTINE RPORT(B,IDIM,WIDTH,KCNTR,NFOR, RINTN, NAMEL, 10UT)
COMMON X(500)

DIMENSION RINTN(IDIM)“NAMEI(Q) B(8)
RAD=0.01745329
HT=B(1)+B(5)

HO2=HT/2.
C .
C NEWTON 'S METHOD TO DETERMIN XHLO AND’&HHI
C
XHLO=B(3)~-(B(1)*SQRT((2.**(1./B(4))-1.)/(B(8)*B(2)))+
& B(5)*SQRT(-ALOG(0.5%*(1./B(7)))/(B(8)*B(6))))/HT
XHHI=B(3)+(B(1)*SQRT((2.**(1./B(4))-1.)/B(2))+
& B(5)*SQRT(-ALOG(0.5**(1./B(7)))/B(6)))/HT
DO 30 1=1,5 , .
XHLO=XHLO-(PK(B,XHLO)-H02)/FPRIM(B, XHLO)
XHRI=XHHI-(PK(B,XHHI)~ HO2)/FPRIM(B, XHHI)
30 CONTINUE
WHAF=XHHI-XHLD
c
c

CALL ALINE(PARA,IDIM,WIDTH,KCNTR,NFOR, RINTN,AREAL)
BETA=RAD*AREA1l/HT
PHI=WHAF/ (AREA1/HT)
BCAUCH=BETA*(2.0207-0.4803*PHI~-1,7756*PHI*PHI)
BGAUS=0.6420+1.4187*SQRT(PHI-0.63662)-2.2043*PHI+
& 1.8706*PHI*PHI
BGAUS=BGAUS*BETA
WRITE(IOUT,60) (NAME1(I), I=6,9) _

60 FORMAT(//,10X, 'REPORT FOR CATALYST: ',2A2,' PEAK: (',2A2,')')
WRITE(IOUT,65) (NAME1l(I),I=1,3) ‘

65 FORMAT(/,10X,'LOCATED IN FILE: ',3A2)
WRITE(IOUT,70) (I,B(I), I=1,8)

70 FORMAT(//,10X, 'MODIFIED VOIGT PARAMETERS',/,14X%,'I',7X,'B(I)',
& /,8(/,10X,15,5%X,F10.5))
WRITE(IOUT, 80) HT,WHAF, AREAL _

80 FORMAT(/,lOX,'MEASURED RESULTS:',/,10X, 'PEAK HEIGHT= 'F10.5,
& /,10X, 'HALF WIDTH= ',6F10.5,/,10X, 'AREA=',F10.5)
WRITE(IOUT,90) BETA, PHI,BCAUCH,BGAUS

90 FORMAT(/,10X,'CALCULATED PARAMETERS',/,10X,'BETA=',61PE12.3,
& ' RADIANS',/,10X,'PHI=(HALF WIDTH)/(INT BREDTH)=",61PE12.3,

* -



& /,10X, 'OBSERVED CAUCHY BREDTH: ' ,1PE12.3,/,10X%,
& 'OBSERVED GAUSSIAN BREDTH: ',1PE12.3,/,'l')
RETURN
END

A
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12.6 Program XPROF

FTN4
PROGRAM XPROF(4, 200), <;80307.1315>

Program uses 6 parameter modified Cauchy profiles to
determine the Fourier coefficients

PROGRAM TO CALCULATE THE PURE XRAY DIFFRACTION PROFILE (F)
FROM THE FOURIER SERIES OF AN ACTUAL PROFILE (H) AND A
PROFILE FOR 'INFINITELY' LARGE CRYSTALITES (G)

»

‘ F=H/G

FR=(Hr*Gr + Hi*Gi)/(Gr**2+Gi**2)
Fi=(Hi*Gr + Hr*Gi)/(Gr**2 + Gi**2)

File 1=RAW DATA FOR THE PEAK
File 2=DATA FROM REFERENCE PEAK
File 3=RESULTS

SUBSCRIPT(J)-REFERS TO THE FQURIER FREQUENCY
~FOURIER COEFFICIENTS ARE STORED IN THE
(J+1)TH ELEMENT OF THE ARRAY
-Fr(0) IS STORED IN FR(1l) ETC.
SUBSCRIPT(K)—REFERS TO THE ANGLE OR TIME DOMAIN
LOCATION

MAIN CONTROL VARIABLES:
NANAL- Peak to be analyzed (1,2, or 3)
IFIT-0=fit a profile from a given data file
l=use coefficients from XPTD68 (Pt(1lll))
2=use coefficients from XPTD68 (Pt(200))
(NOT AVAILABLE:83:04:05)

()ﬂﬂﬂﬂﬂﬂ()ﬂ(’)ﬂﬂﬂ“ﬂﬁﬁﬂﬁﬂﬂﬁﬁﬂﬁﬂﬁﬁﬁﬂﬁﬁ(’)

DOUBLE PRECISION FR(250),FI(250),HR(250),HI(250),GR(250),GI(250)

DIMENSION IANG(500),RINT(500),RINTN(500)

DIMENSION PARA(16),PARMN(16), PARMX(16)

DIMENSION NAME1(5),IDCB1(144),IBUF(32)

DIMENSION NAME2(5),IDCB2(144),NAME3(5),IDCB3(144)
_ DIMENSION VDF(250),PS(250),ADF(250)

COMMON X(500)

DATA NAME1/2H ,2H ,2H ,2HJU,135/

DATA NAME2/2H ,2H ,2H _,2HJU,135/

DATA NAME3/2HXF,2HOR,2H ,2HJU,135/

IDIM=500

NPAR=8

CALL INIT(NAMEl,NAME2,6NAME3, MINAN,MAXAN,NPAR, I0UT)
WRITE(1,20) o



20

21

- 29

nnaonnoonnnNnaonann

nonNONonNOoOnNOnnoO

40

41

60

65

70

75

79

75
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FORMAT(2X, 'ENTER THE REGENERATION WIDTH, DEG*2*THLETA',
& /,'AND THE NUMBER OF FOURIER COEFFICIENTS, NFOR')
READ(1,*) WIDTH,NFOR

IF(NAMEl(l).NE.ZHPR) GO TO 100

WRITE(1,21) :

FORMAT(2X, 'ENTER THE 8 PARAMETERS FOR FIRST PEAK')
READ(1,*) (PARA(I),I=1,8)

NPAR=8

IDIM=NFOR*2+1
KCNTR=NFOR+1 i
PERFORM FOURIER ANALYSIS ON THE OBSERVED PEAK]:”
GET THE FOURIER COEFFS: HR AND HI
L 4
CALL NEWX(PARA, IDIM,WIDTH)
CALL NEWPK(PARA,NPAR, IDIM, RINTN, IANG, RINT, I0UT)
CALL WIND1(RINTN,KCNTR,NFOR, IDIM) _
CALL ALINE(PARA,IDIM,WIDTH,KCNTR,NFOR,RINTN, AREAL)
CALL FOR(RINTN, IDIM,KCNTR,NFOR,HR,HI,IOUT)
CALL PEAK(IDIM,KCNTR,NFOR, IANG,HR,HI, IOUT)
ANCNT=PARA(3)

IF(NAME2(1) .NE.2HPR) GO TO 100
WRITE(1,41)

FORMAT('ENTER THE 8 PARAMETERS FOR THE SECOND PEAK')
READ(1,*) (PARA(I),I=1,8) :
GO TO 70
DO 65 K=1,500

IANG(K)=0 ,

RINT(K)=0. ‘

X(K)=0. o
CONTINUE '
IDIM=NFOR*2+1
KCNTR=NFOR+1 : _
PARA(3)=ANCNT ‘
CALL NEWX(PARA, IDIM,WIDTH)
CALL NEWPK(PARA,NPAR, IDIM,RINTN, IANG, RINT 10UT)
CALL WIND1(RINTN,KCNTR,NFOR,IDIM)
CALL ALINE(PARA,IDIM,WIDTH,KCNTR, NFOR  RINTN, AREA2)
DO 79 K=1,IDIM

RINTN(K)=RINTN(K)*AREA1l/AREA2
CONTINUE

t*

COLLECT AND NORMALIZE THE FOURIER COEFFS FOR THE
STD. PEAK, GR AND GI

CALL READP(IDCBZ,NAMEZ,ER,GI,NFOR)

DO 75 JP1=1,NFOR
GR(JP1)=GR(JP1)*HR(1)
GI(JP1)=GI(JP1)*HR(1)

CONTINUE E



noOnan (@]

0NN

80

100

CALL FOR(RINTN,IDIM,KCNTR,NFOR,GR,GI,IQUT)
CALL PEAK(IDIM,KCNTR,NFOR, IANG,GR,GI,IOUT):

DETERMINE THE TRUE PEAK PARAMETERS AND SAVE THEM
IF DESIRED

CALL PROF(HR,HI,GR,GI,FR,FI,NFOR,IOUT)
CALL SAVEL(NFOR,FR,FI,NAMEl,MINAN,MAXAN, PARA)

DETERMINE VLDF AND ALDF FOR THE FOURIER COEFFICIENTS

"MINAN=IFIX( (ANCNT-WIDTH/2.)*100.)

MAXAN=IFIX( (ANCNT+WIDTH/2.)*100.)

CALL DETLO(MINAN MAXAN, IOUT, PARA,A,JP1LO)

CALL ARADF(FR,NFOR, ADF, PS,NADF, AREA1, IOUT,A, JPILO), .
CALL VOLDF(FR,NFOR, VDF,PS,NVDF,AREAL, I0UT, A, JP&LO)’J

CALL LURQ(100000B,6,1)

STOP
END
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12.7 Program XPURE

FTN4 .

PROGRAM XPURE(4,200), <840521.1326>
c _ .
c PROGRAM TO GENERATE THE PURE SIZE BROADENED
c XRD PROFILE FOR DIFFERENT ASSUMED LENGTH
C DISTRIBUTION FUNCTIONS i
C :
DIMENSION IDCB(144),NAME(5),IBUF(10),ISIZE(2)
DIMENSION DP(50),VFRAC(50)
DATA -NAME/2HXP, 2HUR,2H ,2HJU, 135/, ISIZE/4O 10/
c DP(I)=LENGTH OF PARTICLE SIDE
C VFRAC(I)=VOLUME FRACTION OF PARTICLES SIZE DP(I)
c , 7
C EPSILON IN RADIANS OF THETA
C
C ASSUME RLAM=0.1542 NM .

WRITE(1,3)

3 FORMAT('ENTER THE NUMBER OF PARTICLE SIZES IN THE PSDF')
READ(1,*) NPS
WRITE(1,4)

.4 FORMAT('ENTER PROFILE STEP SIZE, DEG 2*THETA')
READ(1,*) DELTH
WRITE(1,7)

7 FORMAT('ENTER CONTROL DIGIT, ICON:',/,

& 5X, '1=USE GAUSSIAN (NORMAL) LENGTH DISTRIBUTION',/,

& 5X,'2=USE ONE SIZE SPHERICAL PARTICLES',/,

& 5X,'3=LOG-NORMAL LENGTH DISTRIBUTION',/,

& 5X, '4=USER ENTERED LENGTH DISTRIBUTION FUNCTION')
READ(1,*) ICON ‘ :
IF(ICON.GT.3) GO TO 14
IF(ICON.GT.2) GO TO 12
IF(ICON.GT.1) GO TO 10
CALL NLDF(DP,VFRAC,NPS)'

GO TO 19 ,
10 CALL SLDF(DP,VFRAC,NPS)
GO TO 19
12 CALL LNLDF(DP,VFRAC, NPS)
GO TO 19
14 CALL ULDF(DP,VFRAC,NPS)
19 CALL LAVG(DP,VFRAC, NPS)
WRITE(1,20) ,
20 FORMAT('ENTER THE "XPURnn" FILE NU 3EZ'
READ(1,25) NAME(3)
25 FORMAT(3A2)
WRITE(1,27)
27 FORMAT('ENTER "1" TO LIST 'THE VOL WEIGZTED LING Y DISTRIBUTION')
READ(1,*) ILDF
IF(ILDF.NE.1) GO TO 29
CALL LDF(DP,VFRAC,NPS) , : i

—
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29 WRITE(1,30)

30 FORMAT('ENTER THE BRAGG ANGLE AND RANGE OF INTEREST

50.

52
54

55
57

" 60

70

80
91
100

& 'DEG 2*THETA')
READ(1,*) ANG,WIDTH

PI=3.1415926 .
RAD=0.,017453

RLAM=0,1542

THETB=RAD*ANG/2.

DS=RLAM/(2.*SIN(THETBJ)
ILAST=IFIX(WIDTH/DELTH)+1
IANMN=IFIX((ANG-WIDTH/2.)*100.)

CALL CREAT(IDCB IERR,NAME, ISIZE,3,RAME(4),NAME(5))
IF(IERR.LT.0) GO TO 90

CALL OPEN(IDCB, IERR,NAME,Q,NAME(4),NAME(5))
IF(IERR.LT.0) GO TO 90

DO 70 K=1,ILAST

IANG=IANMN+IFIX(DELTH*100.)*(K-1)
SUM=0. :
THETA=RAD*FLOAT(IANG)/200.
S$=2.*DS*SIN(THETA)/RLAM-1.
IF(ABS(S).LT.1.E-4) GO TO 52
RINT=1./(SIN(PI*S)**2)
DO 50 I=1,NPS
ARG=PI*S*DP(I)/DS
SUM=SUM+SIN(ARG)*SIN(ARG)*VFRAC(I)/DP(I)
CONTINUE :
RINT=RINT*SUM
GO TO 55
DO 54 I=1,NPS
SUM=SUM+( (DP(I)/DS)**2)*VFRAC(I)/DP(I)
RINT=SUM
DO 57 J=1,10
IBUF(J)=2H
CALL CODE
WRITE(IBUF,60) IANG,RINT
FORMAT(1X,1I5,3X,F9.3)
CALL WRITF(IDCB, IERR, IBUF,10)
IF(IERR.LT.0) GO TO 90
CONTINUE
CALL CLOSE(IDCB, IERR)
IF(IERR.LT.0) GO TO 90
GO TO 100.

WRITE(1,91) IERR
FORMAT(/,2X, 'ERROR IN FMP CALL. IERR= ',6I3)
STOP
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END
C v _
C******.****k***************‘*******f***********.************
o . ' ,
‘ SUBROUTINE ULDF(DP,VFRAC,NL)
DIMENSION DP(NL),VFRAC(NL).
5 DO 20 J=1,NL
WRITE(1,10) J
10 FORMAT(/,5X, 'ENTER THE PARTICLE SIZE, NM',/
& 'AND THE MASS FRACTION FOR SIZE NO. ',I3)
READ(1,*) DP(J),VFRAC(J)
20 CONTINUE )
WRITE(1,30).
30 FORMAT('LENGTH DISTRIBUTION FUNCTION',/,10X,'DP', 10X, 'VFRAC')
DO 40 J=1,NL
WRITE(1,35) DP(J),VFRAC(J)
35  FORMAT(2(5X,F10.5))
40 CONTINUE
WRITE(1,50)
50 FORMAT('ENTER "1" TO RE-ENTER THE LDF')
READ(1,*) IREAD
IF(IREAD.EQ.1) GO TO 5
RETURN

END
C

C*********************************************************

c
SUBROUTINE NLDF(DP,VFRAC,NL) : e
DIMENSION DP(NL),VFRAC(NL)

WRITE(1,10) .

10 FORMAT('ENTER THE AVERAGE LENGTH, RLAV (NM)')

READ(1,*) RLAV :
SIGMAX=RLAV/2.71523
- WRITE(1,20) SIGMAX .

20 FORMAT('ENTER THE STD. DEV. OF LDF, MAX. REALISTIC=',F8.3)

READ(1,*) SIG ’
XLO=RLAV-2.71523*SIG
DELX=SIG*2.71523*2./FLOAT(NL-1)

/ SUM1=0.

SUM2=0.

DO 30 J=1,NL
DP(J)=XLO + FLOAT(J-1)*DELX
Z=(DP(J)-RLAV)/SIG \
VFRAC(J)=0.3989*EXP(-2*Z/2.)
SUM1=SUM1+VFRAC(J)

30 CONTINUE
WRITE(1,40) , _

40 FORMAT(/, 10X, 'NORMALIZED PARTICLE SIZE DIST. FUNCTION',/,

& 10X, 'DP', 10X, 'VFRAC') ) ’
DO 50 J=1,NL : .
VFRAC(J)=VFRAC(J)/SUM1
PV=VFRAC(J)/DELX
WRITE(L,45) DP(J),PV
45 FORMAT(2(5X,F10.4))



END

c

c

c

50

5
10

20

CONTINUE
RETURN

C**************************************.********************

>
1

SUBROUTINE SLDF(DP,VFRAC,NPS)
DIMENSION DP(NPS), VFRAC(NPS)
WRITE(1,10)

FORMAT( 'ENTER THE PARTICLE DIAMETER')
READ(1,*)DIA

RLAVG=0.75*DIA
WRITE(1l, 20)RLAVG

FORMA?(/,ZX,'WEIGHTIAVERAGE LENGTH IS: ',F10.3,' NM',

& /,'ENTER "1" TO RE-ENTER')

READ(1,*) ICON

IF(ICON.EQ.1) GO TO §

DELX=DIA/FLOAT(NPS)

SUM1=0.

DO 30 J=1,NPS ;
DP(J)=DELX/2. + DELX*FLOAT(J-1)
VFRAC(J)=3.*(DP(J)/DIA)**2
SUM1=SUM1+VFRAC(J)

CONTINUE

WRITE(1, 40)
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40 FORMAT('NORMALIZED VOLUME WEIGHTED LENGTH DISTRIBUTION FUNCTION',

45
50

& 10X,'DP',10X, 'VFRAC')

DO 50 J=1,NPS
VFRAC(J) VFRAC(J)/SUMI
PV=VFRAC(J)/DELX
WRITE(1,45) DP(J),PV
- FORMAT(2(5X,F10.4))

CONTINUE

RETURN

END

«,

C**********************************************************

C -

'SUBROUTINE LNLDF (DP,VFRAC,NL)
DIMENSION DP(NL),VFRAC(NL)
WRITE(1,10)
FORMAT( 'ENTER THE THREE PARAMETERS R, T, AND U')
READ(1,*)R,T,U
RK=R/ (T*U)
PVMAX=RK** (R/T) *EXP (-U*RK)
XMAX=RK**(1./T)

XP=2.*XMAX
XN=XP
DO 30 J=1,30
FUN=(XP**R) *EXP(-U* (XP**T))- PVMAX/50.

DFUN=EXP(-U* (XP**T) ) *(R*XP**(R-1.) - T*U*(XP**(R+T-1.)))
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XN=XP- FUN/DFUN P
IF (ABS (XN-XP).LT.1.E~3) GO TO 40
XP=XN

30 CONTINUE

40 DELX=XN/FLOAT(NL)

SUM1=0,

DO 50 J=1,NL .
DP(J)=DELX*(FLOAT(J)~0.5)
VFRAC(J)=DP(J)**R*EXP(~U*(DP(J)**T))-
SUM1=SUM1+VFRAC(J)

50 CONTINUE

WRITE(1,60) R,T,U

60 'FORMAT(/, 10X, 'NORMALIZED LENGTH DISTRIBUTION FUNCTION',//
&5X, 'FOR LOG-NORMAL DISTRIBUTION: R= ',F8. 4,' T= ',F8.4,' U= 'F8.4,
& //,10X, 'DP',10X, 'VFRAC') '

DO 80 J=1,NL
VFRAC(J)=VFRAC(J)/SUM1
PV=VFRAC(J)/DELX
WRITE(1,70) DP(J),PV
70 FORMAT(2(5X,F10.4))
80 CONTINUE
RETURN
END o~ ; AL

C***************************.*******************************

C

SUBROUTINE LAVG(DP,VFRAC,NPS)
DIMENSION DP(NPS),VFRAC(NPS)
"REAL NAVG :

SUMV=0.
SUMA=0.

SUMN1=0. :
SUMN2=0. ‘

DO 20 J=1,NPS
SUMV= SUMV+VFRAC(J)*DP(J)
SUMA=SUMA+VFRAC(J) /DP(J)
SUMN1=SUMN1+VFRAC(J)/(DB(J)*DP(J))
SUMN2=SUMN2+VFRAC(J)/(DP(J)**3)

20 CONTINUE

VAVG=SUMV
AAVG=1./SUMA
NAVG=SUMN1/SUMN2
VOA=VAVG/AAVG
WRITE(1,30) VAVG,AAVG,VOA,NAVG
30 FORMAT(//,5X,'THE VOLUME AVERAGE LENGTH IS: ',F6.2,' NM',
& /,5X, 'THE AREA AVERAGE LENGTH IS: ',F6.2,' NM',
& /,5X, '"THE RATIO <Lv>/<La> IS: ', F6.3,
& /,5X,'THE NUMBER AVERAGE LENGTH IS: ',F6.2,' KM')
RETURN
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END
C
C***************************************(*******************
C B .

SUBROUTINE LDF(DP,VFRAC,NPS)
_DIMENSION DP(NPS), VFRAC(NPS)

o
DELDP=DP(2)~DP(1)
c .
WRITE(1,10) .
10 FORMAT(2X,'ENTER LU FOR OUTPUT (TERMINAL=1):')
READ (1,*) LUW
C 3
C
DO 30 J=1,NPS
VLDFJ=VFRAC(J)/DELDP
WRITE(LUW,20) DP(J),VLDFJ
*20  FORMAT(3X,F10.4,5X,F10.4)
30 CONTINUE '
c ?
RETURN

END -



12.8 Program, XNUMT

T
H
-
-

aaaoaaoaaoann

Nonn

oNeNe]

10

‘CALL WIND1(RINT,KCNTR,NFOR, IDIM).

PROGRAM XNUMT(4,200), <;80307.1351>

H=F*G
PROGRAM TO FOLD THE (NUMERICALLY GENERATED) PURE
PROFILE (F) WITH THE MACHINE PROFILE (G) AND
GENERATE THE - 'NUMERICALLY PRODUCED OBSERVED'
PROFILE (H)

|

206

DOUBLE PRECISION FR(lZS),FI(lZS),HR(lZS),H&(l25),GR(lZé),GI(lZS)

DIMENSION IANG(500),RINT(500),RINTN(500)

DIMENSION NAME1(5),NAME2(5),NAME3(5),IDCB(144),IBUF(32)

DIMENSION B(12)

"DIMENSION VDF(lZS) ADF(125) PS(125)

COMMON X(500) °

DATA NAMEl/2H ,2H ,2H ,ZHJU/
DATA NAME2/2H ,2H ,2H ,2HJU,135/
DATA NAME3/2H ,2H ,2H ,2HJU,135/

RLAM=0.1542
RAD=3.141593/180. C
IDIM=500 , -
co :
READ IN THE PURE PROFILE AND CENTRE IT FOR FOURIER

ANALYSIS

CALL INIT(NAMEl,NAMEZ,NAME3,MINAN,MAXAN,NPAR,IOUT)
CALL RREAD(IDCB,NAMEI,MINAN,MAXAN,IDEL,IDIM,IANG,RINT)

CALL CNTRD(NAMEl,IDIM,IANG,RINT,MINAN,MAXAN,CNTR,IOUT;AREAl)

CALL ALIGN(IANG, IDEL,CNTR, IDIM,KCNTR,NFOR, IOUT)
APPLY THE HANNING WINDOW (IF DESIRED) AND! PERFORME
THE FOURIER ANALYSIS

CALL FOR(RINT, IDIM, KCNTR, NFOR,FR,FI, IOUT)

CALL PEAK(IDIM,KCNTR,NFOR, IANG,FR,FI,IOUT)

ANMIN=RAD*FLOAT ( IANG (KCNTR~-NFOR))/(100.*2.)

ANMAX=RAD*FLOAT ( IANG(KCNTR+NFOR) ) /(100.*2.)

A=(RLAM/2.)/(SIN(ANMAX)- ~SIN(ANMIN)) :

JP1LO=3

CALL ARADF(FR,NFOR, ADF, PS,NADF,AREAL, IOUT,A, JP1LO)

CALL VOLDF(FR,NFOR, VDF,PS,NVDF,AREAL, IOUT#A ,JPLLO)
N !

WRITE(1,10) .

FORMAT ( 'ENTER "1" TO CONTINUE )

READ(1,*) ICON

IF(ICON.NE.1) GO TO 100
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IDIM=NFOR*2+1 -
WIDTH=FLOAT(NFOR*IDEL)/50.
B(3)=FLOAT(IANG(KCNTR))/100.
CALL NEWX(B, IDIM,WIDTH)
CALL NEWPK(B,NPAR,IDIM,RINTN, IANG, RINT I10UT)
CALL ALINE(B,IDIM,WIDTH,KCNTR,NFOR,RINTN,AREA2)
DO 20 K=1,IDIM
RINTN(K)= RINTN(K)*AREAI/AREAZ
20 CONTINUE
CALL WINDL1(RINTN,KCNTR,NFOR,IDIM)
CALL FOR(RINTN,IDIM,KCNTR,NFOR,GR,GI,IOUT)
CALL PEAK(IDIM,KCNTR, NFOR 1ANG,GR,GI, IOUT)
IDEL1=3
IDEL2=1
CALL NURNG(GR,GI,IDEL1,IDEL2,NFOR, IOUT)
WIDTH=WIDTHE*FLOAT (IDEL1)/FLOAT(IDEL2)
CALL NEWX(B, IDIM,WIDTH) !
CALL PEAK(IDIM,KCNTR,NFOR, IANG,GR,GI,IOUT) A

GET THE FOURI®™ COEFFICIENTS OF THE PURE PROFILE
- AND NORMALIZ  HEM- ' .

nNonnonNnonaonooacnaonnNnanaA

CALL -READP(IDCB,NAME2,GR,GI,NFOR)
DO 25 JPl=1,NFOR
GR(JP1)=GR(JP1)*FR(1)
GI(JP1)=GI(JP1)*FR(1)
25 CONTINUE
CALL MACHP(FR,FI,GR,GI,”"OR,HR,HI)
WRITE(1,30) -
30 FORMAT('FOURIER COEFFICIENTS OF THE OBSERVED PROFILE, H',
& /,3X,'J',11X, 'HR', 20X, 'HI") .
DO 50 JPl=1,NFOR 1
J=JP1-1
FR(JP1)=0.
FI(JP1)=0.
WRITE(1,40)J, HR(JPL), HI(JPl) ©
40 FORMAT(14,2(10X,1PE10.2))
50 CONTINUE
WRITE(1,60)
60 FORMAT('CHOOSE "1" NEXT TIME TO SAVE THE PEAK' )
CALL' PEKES(IDIM,KCNTR, NFOR, IANG,HR,HI, IOUT)
CALL PROF(HR,HI,GR,GI,FR,FI,NFOR,IOUT)
CALL PEAK(IDIM,KCNTR,NFOR, IANG,FR,FI, IOUT)
- CALL VOLDF(FR,NFOR, IANG(KCNTR-NFOR) , IANG(KCNTR+NFOR) , VDF, PS, .
& NVDF,AREAL, IOUT)
CALL LURQ(100000B,6,1) -
100 STOP
END >,
c

C********************************************************* .

- C

SUBROUTINE PEKES(IDIM,KCNTR,NFOR,IANQ,A,B,IOUT)
DIMENSION IANG(IDIM),NAME(S5),IDCB(144),ISIZE(2),IBUF(40)
DOUBLE PRECISION A(NFOR),B(NFOR) N
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DOUBLE PRECISION ARG, SUM, PI ‘ ¥

COMMON X(500)
DATA ISIZE/40,10/,NAME/2H ,2H ,2H ,2HJU,135/
RMULT=0. ,
N=2*NFOR + 1 *
NM1=N-1
PI=3,14159265359
WRITE(1,5)
FORMAT(2X, 'ENTER 1 TO REGENERATE THE PEAK FROM THE TRANSFORM')
READ(1,*) IPEAK

IF(IPEAK.NE.1) GO TO 100 !
WRITE(1,7) A - ,
FORMAT(2X, 'ENTER "1" TO SAVE THE PEAK IN A FILE')

READ(1,*) ISAVE J
IF(ISAVE.NE.1) GO TO 9 : '
WRITE(1,110)

FORMAT( 'ENTER THE FILENAME')
READ(1,120) (NAME(I),I=1,3)

FORMAT(3A2)

CALL CREAT(IDCB,IERR,NAME,ISIZE,3,NAME(4),NAME(5))
IF(IERR,LT.0) GO TO 555
CALL OPEN(IDCB, IERR,NAME,O,NAME(4),NAME(5))

IF(IERR.LT.0) GO TO 555
WRITE(1,10)

FOﬁHQT(ZX '"ENTER 1. TO USE IMAGINARY TERMS (OTHERWISE 0.)")
READ(1,*) RMULT
WRITECl,ZO)

FORMAT(2X, 'ENTER NLAST, THE NO. OF FOURIER COEFFS USED')
READ(1,*) NLAST
WRITE(1,30)

FORMAT (2X, 'NEW PROFILE' ,// 10X, ' ANGLE' ,4X, "INTENSITY')

-

Do ~ 7PNT=1,N
K=Kt..' ~1-NFOR
KINDL=KCNTR + K
M=A(1)/2.
DO 40 JP1=2,NLAST
J=JP1~1
ARG=2.*PI*FLOAT(J)*FLOAT(K)/FLOAT (NM1)
SUM=SUM + A(JP1)*DCOS(ARG) + RMULT*B(JP1)*DSIN(ARG)
CONTINUE
WRITE(L,45) KPNT,X(KINDX),SUM
FORMAT(2X,I3,2(3X,F8.3))
IF(ISAVE.NE.1) GO TO 50
DO 210 I=1,10
IBUF(I)=2H
CALL CODE
WRITE(IBUF,320) IANG(KINDX),SUM
FORMAT(1X,I5,2X,F8.2)
CALL WRITF(IDCB,IERR, IBUF,10)
IF(IERR.LT.0) GO TO 555
CONTINUE '
IF(ISAVE.NE.1l) GO TO 90
CALL CLOSE(IDCB,IERR)

208
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IF(IERR.LT.0) GO TO 555

90 WRITE(1,95)

95 FORMAT(2X,'ENTER 1 TO GENERATE A NEW PROFILE')

= READ(1,*) IOVER ' .
IF(IOVER.EQ.1) GO TO 9
GO TO 100

555 WRITE(1,556) IERR

556 FORMAT('TROUBLE IN FMP CALL. IERR= 'I5)

100 RETURN : ’

END
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] 12.9 Program XFOR

FTN4
PROGRAM XFOR

Generate the normalized Fourier coefficients for the
machine profile, G and store them in a user given file
240, Fourier coefficients generated about 12. deg 2*theta,
then*expand with routine NURNG to 24 deg 2*theta

sNeoNesNeNeNe!

DOUBLE PRECISION GR(250),GI(250)
DIMENSION IANG(500),RINT(500),RINTN(500)

DIMENSION NAME1(5),NAME2(5),NAME3(5),IDCB(144),IBUF(32)
DIMENSION B(8)

COMMON X(500)

DATA NAMEl/2HXP,2HTD, 2HE3, 2HJU/

DATA B/47.86,248.1,46.249,1.2407,4.5520,42.360,2.475,0.2408/

3

10UT=1

NPAR=8

NFOR=120

KCNTR=NFOR+1

IDIM=NFOR*2+1

WIDTH=NFOR*2*0.01250

* IDEL1=2

IDEL2=1

CALL NEWX(B,IDIM,WIDTH)

DO 20 K=1,IDIM '
IANG(K)=IFIX(X(K)*100.)

20 CONTINUE :

X(500)=-1. )

CALL NEWPK(B,NPAR, IDIM,RINTN, IANG,RINT, IOUT)

CALL ALINE(B,IDIM,WIDTH,KCNTR,NFOR,RINTN,AREA2)

CALL WIND1(RINTN,KCNTR,NFOR, IDIM)

CALL FOR(RINTN, IDIM,KCNTR,NFOR,GR,GI, IOUT)

CALL PEAK(IDIM,KCNTR,NFOR, IANG,GR,GI, IOUT)

CALL NURNG(GR,GI,IDEL1,IDEL2,NFOR, IOUT)

RNORM=GR(1)

DO 40 JP1=1,NFOR
GR(JP1)=GR(JP1)/RNORM
GI(JP1)=GI(JPl)/RNORM

40 CONTINUE

MINAN=IANG(KCNTR)-FLOAT(IDEL1/IDEL2)*100.*WIDTH/2.

MAXAN=IANG(KCNTR)+FLOAT(IDEL1/IDEL2)*100.*WIDTH/2
* CALL SAVEl(NFOR,GR,GI,NAMEl,MINAN,MAXAN)

STOP

END
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12.10 Program XNOIS

“FTN4

00NN

(oo Ne!

10

15

20

25

30

40

PROGRAM XNOIS
PROGRAM TO APPLY NOISE TO XRAY DATA

DIMENSION IDCB1(144),NAME1(5),IDCB2(144),NAME2(5)
DIMENSION IBUF(32),ISIZE(2)
DATA NAMEl/2H ,2H ,2H ,2HJU,135/
DATA NAME2/2H ,2H ,2H ,2HJU,135/
DATA ISIZE/40,10/
DATA IRAN/333/,RMEAN/O./
WRITE(1,10) o

FORMAT(/, 'ENTER THE INPUT DATA FILE')
READ(1,15) (NAME1(I),I=1,3) y
FORMAT (3A2) .
WRITE(1,20) _ :

FORMAT(/, 'ENTER THE DATA OUTPUT FILENAME')

READ(1,15) (NAME2(I),I=1,3)
WRITE(1,25)

FORMAT(/, 'ENTER THE STANDARD DEVIATION, C/S')
READ(1,*) SD _
CALL OPEN(IDCB1,IERR,NAMEL,0,NAMEL(4),NAME1(5))
IF(IERR.LT.0) GO TO 90

CALL CREAT(IDCB2,IERR,NAME2,ISIZE,3,NAME2(4),NAME2(5))
IF(IERR.LT.0) GO TO 90

DO 60 I=1,10000

READ FILE 1

DO 30 J=1,10
IBUF(J)=2H

CALL READF(IDCB1, IERR, IBUF,10,LEN)
IF(IERR.LT.0) GO TO 90
IF(LEN.EQ.-1) GO TO 70
CALL CODE

READ(IBUF,*) IANG,RINT

)

- APPLY A RANDOM NOISE OF STD DEV SD TO THE DATA

CALL GAUSS(IRAN,SD,RMEAN,V)
RINT=RINT + V : <

WRITE INTO FILE 2

DO 40 J=1,10

IBUF(J)=2H
CALL CODE »
WRITE(IBUF,50) IANG,RINT N



50

60

0 n0n

70

90
95
100

[eNeNe NN ]

50

FORMAT(2X, I5,5X,F8.2)

CALL WRITF(IDCB2,IERR, IBUF,10,LEN)
IF(IERR.LT.0) GO TO 90
CONTINUE ' ‘

CLOSE FILES

IF(CLOSE(IDCB1, IERR).LT.0) GO TO 90
IF (CLOSE(IDCB2,IERR).LT.0) GO TO 90

GO TO 100

WRITE(1,95) IERR -
FORMAT(/,5X, 'TROUBLE IN FMP CALL. IERR=',I5),
STOP

ROUTINE TO ADD GAUSSIAN NOISE, FROM "SSP" LIBRARY

SUBROUTINE GAUSS(IX,S,AM,V)
2=0.0
DO 50 I=1,12

CALL RANDU(IX,IY,Y)

IX=IY '

A=A+Y . .
CONTINUE
V=(A-6.0)*S + AM -
RETURN

END

k]
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12.11 Program XLDFF

FTN4
PROGRAM XLDFF (4, 200), <831211.1137>

Program uses Fourier Coefficients stored.in file NAME1
to éetermlne area and length weighted LDF's

File 1=FOURIER coefficients for the peak

MAZN CONTROL VARIABLES:

OnNnoOoOO0O0nNOn0n

DOUBLE PRECISION FR(250),FI(250)

DIMENSION NAME1(5),IDCB1(144),IBUF(32) ' .
‘DIMENSION NAME2(5),IDCB2(144),NAME3(5), IDCB3(144)

DIMENSION VDF(250),PS{(250),ADF(250)
COMMON X(500) '
DATA NAME1/2H ,2H ,2H ,2HJU,135/
DATA NAME2/2H ,2H ,2H ,2HJU,135/
DATA NAME3/2HXF,2HOR,2H ,2HJU,135/
IDIM=500

CALL INIT(NAME]L, NAMEZ NAME3 MINAN,MAXAN,NPAR, IOUT)

WRITE(1,20)
20 FORMAT(2X,'ENTER THE NUMBER ‘OF FOURIER COEFFS,NFOR')

READ(1,*) NFOR

C
29 IDIM=NFOR*2+1
KCNTR=NFOR+1
C .
RLAM=0.1542
RAD=3.1415926/180.
ANMIN=RAD*FLOAT(MINAN)/(100.*2.)
ANMAX=RAD*FLOAT (MAXAN)/(100.%2.)
A=(RLAM/2.)/(SIN(ANMAX)-SIN(ANMIN))
JP1LO=3
'CALL READP(IDCBl,NAMEL,FR,FI,NFOR)
CALL ARADF (FR,NFOR,ADF, PS,NADF,AREAL, IOUT, A, JP1LO)
CALL VOLDF(FR,NFOR, VDF, PS,NVDF,AREAL, IOUT,A, JP1LO)
o
- 100 CALL LURQ(100000B,6,1)
c

STOP
END
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»

12.12 Subroutines Used

These subroutines are used by the previous programs to perform the
mathematical manipulations.
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12.12.1 Subroutine PEARK

S

: FTN4

_ SUBROUTINE PEAK(IDIM,KCNTR,NFOR, IANG,A,B, IOUT)
C -
C SUBROUTINE TO INVERT THE FOURIER COEFFICIENTS TO
Cc DETERMINE THE REAL DOMAIN PEAK
c

DIMENSION IANG(IDIM)

DOUBLE PRECISION A(NFOR),B(NFOR)

DOUBLE PRECISION ARG, SUM, PI .

COMMON X(500)

RMULT=0. &

N=2*NFOR + 1

NM1=N-1

PI=3.14159265359

WRITE(1,5)

5 FORMAT(2X, 'ENTER 1 TO REGENERATE THE PEAK FROM THE TRANSFORM')
READ(1,*) IPEAK

~ IF(IPEAK.NE.1) GO TO 100

9 WRITE(1,10)

10 FORMAT(2X,'ENTER 1. TO USE IMAGINARY TERMS (OTHERWISE 0.)')
READ(1,*) RMULT
WRITE(1,20)

20 FORMAT(2X, 'ENTER NLAST, THE NO. OF FOURIER COEFFS USED')
READ(1,*) NLAST
WRITE(1,30)

30. FORMAT(2X, 'NEW PROFILE',//,10X, 'ANGLE',4X, ' INTENSITY')

DO 50 KPNT=1,N
K=KPNT-1-NFOR SR )
KINDX=KCNTR + K ‘ '
SUM=A(1)/2.

DO 40 JP1=2,NLAST
J=JP1-1
ARG=2.*PI*FLOAT(J) *FLOAT(K)/FLOAT (NM1)
SUM=SUM + A(JP1)*DCOS(ARG) + RMULT*B(JP1)*DSIN(ARG)
40 CONTINUE
WRITE(1,45) KPNT,X(KINDX),SUM
45  FORMAT(2X,1I3,2(3X,F8.3)) i
50- CONTINUE

90 WRITE(1,95)
95 FORMAT(2X,'ENTER 1 TO GENERATE A NEW PROFILE' )
READ(1,*) IOVER
IF(IOVER.EQ.1) GO TO 9
100 RETURN
END



12.12.2 Subroutine FOR

FTN4

25

SUBROUTINE FOR(Y,IDIM,KCNTR,NFOR,A,B, IOUT)

- SUBROUTINE TO PERFORM THE FOURIER TRANSFORM ON DATA

DIMENSION Y(IDIM)
DOUBLE PRECISION A(NFOR),B(NFOR)
DOUBLE PRECISION ARG,PI,ASUM,BSUM
. PI=3.1415926535898
N=2*NFOR+1
NM1=N-1
DO 50 JPl=1,NFOR
J=JP1-1
ASUM=0.
BSUM=0.
DO 25 KPNT=1,N
K=KPNT-1~NFOR
KINDX=KCNTR+K _
ARG=2.”PI*FLOAT(J*K)/FLOAT (NM1)
ASUM=ASUM + Y(KINDX)*DCOS(ARG)
BSUM=BSUM + Y(KINDX)*DSIN(ARG)
CONTINUE ° '
A(JP1)=2.*ASUM/FLOAT(NM1)
B(JP1)=2.*BSUM/ (FLOAT(NM1))

50 CONTINUE

WRITE(IQUT,70)

70 FORMAT(/ 12X, '"FOURIER COEFFICIENTS',/,5X,'J',9X,'A(J)"',9X,

& 'B(J)',8X,'AMP(J)"',//) .
NFORO=AMINO(41,NFOR)
DO 90 JP1=1,NFORO
J=JPl-1
AMP=(A(JPL)*A(JP1) + B(JPL)*B(JP1))**0.5
WRITE(IOUT,80) J,A(JP1),B(JP1),AMP

8Q“™. FORMAT(3X,I3,3(5X,1PE10.3))
90 ="CONTINUE

RETURN
END

216
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12.12.3 Subroutine WIND1

I

FTN4 )
SUBROUTINE WINDL(RINT,KCNTR,NFOR, IDIM)

o

o SUBROUTINE TO APPLY THE HANNING WINDOW TO THE DATA

o . :

DIMENSION RINT(IDIM)
COMMON X(500)
N=NFOR*2+1
PI=3.1415926535
WRITE(1,10)
10  FORMAT('ENTER "1" TO APPLY THE MODIFIED HANNING WINDOW',
READ(1, *) IWIN _
IF(IWIN.NE.1) GO TO 100
WRITE(1,20) N .
20 FORMAT('ENTER THE NO. OF TAPERED COEFS. IN THE WINDOW, M2M',
& /,5X,'(TOTAL NO. OF POINTS=',I4,")') .
READ(1, *)M2M
M=M2M/2
DO 60 K=1,N
KINDX=KCNTR-NFOR-1+K
IF(K.GT.M) GO TO 30
ARG=PI*(FLOAT(K)-1.5)/FLOAT(M)
WIN=0.5*(1.-COS(ARG))
. GO TO 50
30° IF(K.GT.N-M) GO TO 40"
WIN=1.
‘ GO TO 50 o
40 ARG=PI*(FLOAT(N-K)+0.5)/FLOAT(M)
WIN=0.5*(1.-COS(ARG))
- 50  RINT(KINDX)=RINT(KINDX)*WIN
60 CONTINUE

WRITE(1,70) ‘
70 FORMAT('ENTER "1" TO LIST SPLIT COS BELL WINDOW FITTED SERIES')
READ(1,*) ILIST . . o
IF(ILIST.NE.1) GO TO 100 '
DO 90 K=1,N
KINDX=KCNTR-NFOR-1+K
. WRITE(1,80) X(KINDX),RINT(KINDX)
80 FORMAT(2(5X,F10.2))
90 CONTINUE :
100 RETURN .
END : ' -
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12,12.4 Subroutine ALIGN

FTN4

NNOonNnon

20

30

40

50

60

99

SUBROUTINF ALIGN(IANG, IDEL,CNTR, IDIM,KCNTR, NFOR, IOUT)

ROUTINE TO DETERMINE THE CENTRE POINT, KCNTR

AND THE MAXIMUM POSSIBLE NUMBER OF COEFFICIENTS
WITHIN THE RANGE GIVEN TO INIT AND CONVERTED TO

(IDIM*IDEL) BY RREAD

A 77 Y

DIMENSION IANG(IDIM)

TEST1=1.E6

TEST2=TEST1
DO 20 K=1,IDIM

~ . -

a
»

TEST1=ABS (FLOAT(IANG(K))/100.~CNTR)
IF(TEST1.LT.TEST2) KCNTR=K
TEST2=AMIN1(TEST2, TEST1)

CONTINUE

IF(IDIM.GT.

WRITE(1,30)

20) GO TO 40

FORMAT(/, 10X, '** ERROR ** RANGE ((MAXAN-MINAN/IDEL) IS TOO',

& 'SMALL')

GO TO 99

NDUM=MINO( (KCNTR-1) , (IDIM-1-KCNTR) )

IF(NDUM.GT.
IF(NDUM.GT.
IF (NDUM.GT.
IF (NDUM.GT.
IF (NDUM.GT.
IF(NDUM.GT.
IF (NDUM.GT.
IF (NDUM.GT.
CANG=FLOAT ( IANG(KCNTR) )/100.
WRITE(IOUT,
FORMAT(/, 'THERE ARE ',I5,'
& /,'THE CLOSEST TO THE CENTROID IS:
&/, AT AN ANGLE OF:
FOURIER COEFFICIENTS WILL BE USED')

& /,I5,

10)NFOR=10
20)NFOR=20

30)NFOR=30

40)NFOR=40

60)NFOR=60

80)NFOR=80

100) NFOR=100

120) NFOR=120 '
50)IDIM,KCNTR, CANG,NFOR

DATA POINTS',
', I5,
', F8.2,

ANGLO;FLOAT(IANG(KCNTR—NFOR))/lOO.
ANGHI=FLOAT( IANG(KCNTR+NFOR) )/100.

WRITE(IOUT,

FORMAT( 'THE PEAKS WILL BE STUDIED FROM:

RETURN
END

60) ANGLO, ANGHI

',F8.2,' TO ',F8.2)
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12.12.5 Subroutine CNTRD

000N

20

SUBROUTINE CNTRD(NAME, IDIM, IANG,RINT,MINAN, MAXAN,CNTR, IOUT, AREA)
ROUTINE TO DETERMINE THE CENTROID ANGLE AND AREA OF THE -
PEAKS

DIMENSION IANG(1000),RINT(1000),NAME(S)
IDEL=IANG(3)-IANG(2)
DELAN=FLOAT(IDEL)/100.

SUM1=0.

SUM2=0.

SET NPONT (THE NUMBER OF INTEGRATING POINTS) TO AN ODD NUMBER

NPONT=IDIM :
TEST1=FLOAT(NPONT/2) "
TEST2=FLOAT (NPONT) /2. ™~ . ]
IF((TEST2-TEST1).LT.0.1) NPONT=NPONT-1

DO 20 I=1,NPONT,2
XFI=RINT(I)*FLOAT(IANG(I))
XFIP1=RINT(I+1)*FLOAT(IANG(I+1))
SUM1=SUM1 + XFI*2. + XFIP1*4.
SUM2=SUM2 + RINT(I)*2. + RINT(I+1)*4.

CONTINUE ,

XF1=RINT(1)*FLOAT(IANG(1))

XFN= RINT(NPONT)*FLOAT(IANG(NPONT))

SUM1=SUM1-XF1-XFN

SUM2=SUM2-RINT(1)~RINT(NPONT)

AREA=DELAN*SUM2/3.

CNTR=SUM1/(SUM2*100.)

WRITE(IOUT,25) (NAME(I),I=1,3)

25 FORMAT(/,10X,'** FILE: ',3A2,' **')

30

WRITE(IOUT,30) AREA,CNTR
FORMAT( 'THE PEAK AREA IS:',F8.3,' C*DEG/S',

& /,'THE CENTROID IS AT: ',F8.3,' DEG 2*THETA')

RETURN
END \

.\

|
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12.12.6 Subroutine RREAD

FTN4 '
SUBROUTINE RREAD(IDCB,NAME,MINAN,MAXAN, IDEL,IDIM, IANG,RINT)

o

o ROUTINE TO READ IN REAL DATA FROM A FILE .

o

C MINAN = MINIMUM ANGLE TO BE EXAMINED, DEG 2THETA*100

C _MAXAN = MAXIMUM ANGLE TO BE EXAMINED

C IDEL = STEP SIZE OF RAW DATA S

o IDIM = NUMBER OF DATA POINTS

ol IANG(K)=ANGLE, DEG 2THETA*100

c RINT(K)=DATA INTENSITY CORRESPONDING TO IANG(K)

c

DIMENSION NAME(S),IDCB(144),IBUF(lO),IANG(lOOO),RINT(lOOO)
CALL OPEN (IDCB,IERR,NAME,O,NAME(4),NAME(5))
IF(IERR.LT.0) GO TO 100
KK=0 .
, WRITE(1,5) (NAME(I),I=1,3)
5 FORMAT(/,'ENTER THE SCALING FACTOR FOR FILE ',3A2)
READ(1,*) SCALl
DO 50 K=1,10000
DO 10 I=1,10
IBUF (I)=2H
10  CONTINUE
KK=KK+1
CALL READF(IDCB,IERR,IBUF,10,LEN)
IF(IERR.LT.0) GO TO 80
IF(LEN.EQ.-1) GO TO 100 L
CALL CODE ' o
READ(IBUF,*) IANG(KK), RINT(KK)
RINT(KK)—RINT(KK)*SCALI
IF (IANG(KK) . GT.MAXAN) GO TO 55
IF (IANS(KK) .LT. MINAN) KK -0
50 CONTINUE
55 CONTINUE
IDEL= IANG(3) IANG(2)
IDIM=KK e
GO TO 100 o
80 WRITE(1,90) IERR
90 FORMAT(/,5X, 'TROUBLE IN FMP CALL, ROUTINE RREAD. IERR= ',I5)
100 RETURN _ S ,
END : | 4.

-
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12.12.7 Subroutine INIT yy

FTN4 - ’ '
SUBROUTINE INIT(NAMEI,NAMEZ,NAME3,MINAN;MAXAN,NPAR,IOUT)

C .

C ROUTINE TO INITIALIZE SEVERAL PROGRAMS

c : ' :
DIMENSION NAME1(5),NAME2(5),NAME3(5),CATID(2)

C ' ‘

WRITE(L, 10)
10  FORMAT(/,'ENTER THE FILE LOCATION OF THE RAW DATA ',
& /,'OR "PREFIT" FOR USER ENTERED MOD. CAUCHY PARAS.')
READ(1,15) (NAME1(I),I=1, 3 .
15  FQRMAT(3A2) ' , : -
WRITE(1,20) .
20 FORMAT(/,'ENTER THE FILE LOCATION OF THE REFERENCE 'PEAK ',
& /,'OR "PREFIT" FOR THE PT(11l) LINE IN XPTD68')
READ(1,15) (NAME2(I),I=1,3) :
WRITE(1,30) , a

-

30  FORMAT(/, 'ENTER THE FILE NUMBER FOR THE RESULTING DATA')
READ(X,35) NAME3(3) . . -

35 FORMAT(AZ)

[eHeoNeNeNe!

L3

WRITE(1, 40) .

40  FORMAT(/, 'ENTER THE APPROXIMATE PEAK LOCATION AND THE RANGE',
& ' OF INTEREST')
READ(1, *)PMAX, PRANG
MINAN=IFIX( (PMAX-PRANG/2.)*100.) ot
MAXAN=IFIX((PMAX+PRANG/2.)*100.)

* WRITE(1,50)

50 FORMAT(/,' ENTER THE NUMBER OF PEAKS, NPEAK')
READ(1,*) NPEAK ‘
NPAR=NPEAK™* 4
WRITE(1,60) _

60  FORMAT(/, 'ENTER DATA OUTPUT DEVICE (1=TERMINAL,6=LINE PRINTER)')
READ(1,*) IOUT

_ WRITE(1,70)

70 "FORMAT('ENTER THE CATALYST IDENTIFICATION CODE (EG PI16)')
READ(1,15) (CATID(I),I=1,2)
WRITE(IOUT,80) (CATID(I),I=1,2)

80 FORMAT(//’lOX '"FOURIER ANALYSIS OF PEAKS IN CATALYST: ',2A2)
RETURN
END

e
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12.12.8 Subroutine MACHP

N

FING |
SUBROUTINE MACHP(FR,FI,GR,GI,NFOR,HR,HI)

C

C ROUTINE TO FOLD TWO PEAKS TOGETHER .

o H = F*G ) i N

o

DOUBLE PRECISION FR(NFOR),FI(NFOR),GR(NFOR),GI(NFOR)
DOUBLE PRECISION HR(NFOR),HI(NFOR)
DO 30 JP1=1,NFOR
© HR(JP1L)=(FR(JP1)*GR(JP1)-FI(JP1)*GI(JP1l))/GR(1)
HI(JP1)=(FR(JP1)*GI(JP1)+FI(JP1)*GR(JP1))/GR(1)
30 CONTINUE IS
RETURN ’
END
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12.12.9 Subroutine ALINE

r

-

FTN{
SUBROUTINE ALINE(B, IDIM,WIDTH,KCNTR, NFOR,RINTN,AREAL)
C . .
C ROUTINE TOINDICATE FRACTION OF TOTAL AREA WHICH IS
C BEING STUDIED IN FOURIER ANALYSIS
C (THIS GIVES AN INDICATION OF VALIDITY OF ANALYSIS
C AND LIKELY-HOOD OF UNSTABLE OSCILLATIONS IN THE PROFILE)
(o] T
DIMENSION B(8),RINTN(IDIM)
COMMON X(500)
RAD=0.0174533
W2=WIDTH/2.
WA=0.555556 . ™.
WB=0.888889 )
T1=0.774597
IDMM2=IDIM-2
c
c AREAl= AREA UNDER PEAK THAT IS STUDIED
c AREAZ = AREA BETWEEN BOTTOM OF STUDIED PEAK AND S=-0.5
c AREA3 = AREA BETWEEN TOP OF STUDIED PEAK AND S=0.5
C -
AREA1=0.
AREA2=0.
o _ .
o SIMPSON'S RULE TO DETERMINE AREA UNDER PEAK, AREAl
c ;

DO 20 K=1,IDMM2,2
AREA1=AREAl + 2.*RINTN(K) + 4.*RINTN(K+1)

20 CONTINUE
AREA1=(AREA1-RINTN(1)+RINTN(IDIM))*(X(2) x(l))/3

GAUSSIAN QUADRATURE TO DETERMINE THE AREA FROM MEASURED TO THE
ENDS OF THE PEAK (AT S=-0.5, $=0.5)

JTFRC=100.*PK(B, X(KCNTR)-W2)/(B(1)+B(5))
A=1,/SIN(X(KCNTR)*RAD/2.)

XLO=2.*ATAN(1l./SQRT(4*A*A~-1.))/RAD.

X1=((X(1)-XLO)*(-T1) + X(1) + XLO)/Z

X2=(X(1)+XL0)/2.

X3=((X(1)-XLO)*T1 + X(1) + XLO)/2.

AREA2=(WA* (PK(B,X1)+PK(B,X3)) +WB*PK(B,X2))*(X(1)-XL0)/2.

QNN

" XHI=2.*ATAN(SQRT(4.*A*A-9.))/RAD
X1=((X(IDIM)~XHI)*(-T1) + X(IDIM) + XHI)/2.
X2=(X(IDIM) +XHI)/2,
X3=((XHI - X(IDIM))*T1 + X(IDIM) +XHI)/2. ,
AREA3=(WA*(PK(B,X1)+PK(B,X3)) +WB*PK(B,X2))* (XHI .
& -X(IDIM))/2.

ARFRC=AREA1/ (AREA1+AREA2+AREA3)
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HITE=B(1)+B(5)
WRITE(1,50) HITE,HTFRC

50 - FORMAT(2X, 'THE MAX. PEAK HT. IS: ',F8.2,
& /,2X,'THE EDGE IS AT: ',F8.2,' % OF THE PEAK MAX HT')
WRITE(1,60) AREAl, ARFRC

60 FORMAT(2X, 'THE AREA STUDIED: ',F8.3,' DEG 2THETA*C/S',
& /,2X,'WHICH IS: ',F8.2," % OF THF TOTAL AREA')

RETURN
END

FUNCTION PK(B,ANGL)

DIMENSION B(8)

DELX = ANGLE -B(3)

U=B(8)

IF (ANGL.GT.B(3)) U=1.
F1=B(1)/(1.+U*B(2)*DELX**2)**B(4)

F2=B(5) *EXP(-U*B(6)*DELX**2)**B(7)

PK=F1+F2 ‘ :

RETURN ‘
END : ‘
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12.12.10 Subroutine NEWPK

FTN4
SUBROUTINE NEWPR(B,NPAR,IDIM,RINTN,IANG,RINT,IOUT)
c
c SUBROUTINE TO GENERATE A PEAK IN REAL SPACE FROM A
C SET OF PARAMETERS, B, AND PRINT OUT A COMPARISON
C OF THE NEW PEAK WITH THE INPUT PEAK
C
" DIMENSION B(12),RINTN(IDIM),IANG(IDIM),RINT(IDIM)
-COMMON X(500)
CALL FUNC(NPAR,B, IDIM,RINTN,FV)
c . .

WRITE(1,40)
40 FORMAT('ENTER "1" TO LIST THE CAUCHY FIT PEAK')
READ(1,*) ILIST
~ IF(ILIST.NE.1) GO TO 100
WRITE(IOUT,50)
50 FORMAT(//, PEAK COMPARISON'/,5X, 'ANGLE',3X, 'OLD PEAK',3X,
& 'NEW ANGLE',3X, 'NEW PEAK')
DO 70 K=1, IDIM
ANG= FLOAT(IANG(K))/IOO
WRITE(IOUT,60) ANG,RINT(K), X(K) RINTN (K)
60 FORMAT(3X,4(5X,F8.2))
70 CONTINUE
100 RETURN
END
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12.12.11 Subroutine DETLO

FTN4
SUBROUTINE DETLO(MINAN,MAXAN, IOUT,B,A, JP1LO)
DIMENSION B(16) '

Subroutine to determine the lower limit of detectability of
.col?mn length of an X-ray diffraction profile

Al

KEY VARIABLES '
A-The Fourier distance (nm) corresponding to the range
MAXAN-MINAN (degree 2*theta*100)

-ASTUDY= A distance corresponding to the lower limit of
detectability for the sample in question
This is determined by the point in the profile
where the profile height is 1% of the maximum
or 0.45 c/s, whichever is greatest

eEeNeoNeNeNeNe e Ne N N e o)

RLAM=0.1542
RAD=3.1415926/180.
ANMIN=RAD*FLOAT(MINAN)/(100.*2.)
ANMAX=RAD*FLOAT (MAXAN)/(100.*2.)
A=(RLAM/2.)/(SIN(ANMAX)-SIN(ANMIN))
YLIM=AMAX1(0.45,0.01*(B(1)+B(5)))
XHI=B(3)+SQRT(((B(1)/YLIM)**(1./B(4))-1.)/B(2))
XLO=B(3)-SQRT(((B(1)/YLIM)**(1./B(4))~-1. )/(B(Z)*B<8)))
ANXLO=XLO*RAD/2.
ANXHI=XHI*RAD/2.
ASTUDY=(RLAM/2.)/(SIN(ANXHI)-SIN(ANXLO))
JP1LO=MAXO(5, IFIX(ASTUDY/A + 0.5)+2)
PSMIN=AMAX1(3.5*A,ASTUDY)
'WRITE(IOUT,10) PSMIN e

10 FORMAT(/,2X, 'LOWER LIMIT OF DETECTABILITY, '/, 2X, :
& '(INCLUDING BASELINE ERRORS) FOR FIT FUNCTION= ',F8.4,' NM'")
RETURN
END
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12.12.12 Subroutine VOLDF

FTN4

eNeNeNoNoNeNeXe!

10

SUBROUTINE VOLDF (FR, NFOR, VDF, PS, NVDF, AREAL, IOUT,A, JP1LO)

SUBROUTINE TO DETERMINE VOLUME WEIGHTED LENGTH DISTRIBUTION
FUNCTION, BY

PV(L) = J/CV * @**2(Fr)/dJ**2
WHERE L=A*J : _
© LAMBDA = 2*A*(SIN(THETAMAX)-SIN(THETAMIN))

DOUBLE PRECISION FR(NFOR),SUM1,SUM2
DIMENSION VDF(250),PS(250)
WRITE(1,10)
FORMAT('ENTER "1" TO LIST THE VOLUME WEIGHTED DIST. FUNCTION')
READ(1,*) ILIST .

" IF(ILIST.NE.1) GO TO 100

20

30

35

40

RLAM=0.1542

RAD=3.1415926/180.

WRITE(IOUT,20)

FORMAT(/ 5X, 'VOLUME WEIGHTED DISTRIBUTION FUNCTION'/,2X,

'FOURIER FREQUENCY  LENGTH DISTRIBUTION FUNCTION',/,2X
' () ')

SUM1=0.

SuM2=0.

NVDF=MINO(NFOR-1,IFIX(50./R)+1)
DO 30 I=1,NVDF

Ps(I)=0.

VDF (1)=0.
CONTINUE

-DO 35 JP1=2,JP1LO

PS(JP1)=(FLOAT(JP1-1)-0.5)*A
CONTINUE

DO 40 JP1=JP1LO,NVDF
J=JPl-1
FACT=(FLOAT(J)-0.5)
PS(JP1)=(FLOAT(J)-0.5)*A
VDF(JP1)=(FR(JP1—2)—FR(JPl“l)-FR(JP1)+FR(JP1+1))*FACT/Z.
SUM1=SUM1+PS(JP1)*VDF(JP1)
SUM2=SUM2+VDF (JP1)

CONTINUE

PSAV=SUM1/SUM2

DO 60 JP1=1,NVDF
J=JP1-1
VDF(JPL1)=VDF(JP1)/(SUM2*A)
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WRITE(IOUT,50) J,PS(JPL),VDF(JP1)
50 . FORMAT(5X,15,10X,F10.3,5X,F10.7)
60 CONTINUE
WRITE(IOUT,70) PSAV
70 FORMAT(//,2X,'THE AVERAGE PARTICLE SIZE IS: ',F10.2,' NM')
100 RETURN
END
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12.12.13 Subroutine ARADF

FTN4
SUBROUTINE ARADF(FR,NEOR,ADF,DS,NADF,AREAI,IOUT,A,JPlLO)
C : .
o
o ROUTINE TO DETERMINE THE AREA WEIGHTED LENGTH
C DISTRIBUTION FUNCTION BY
C PA(L)=1/CA * d**2(Fr)/dJ**2 ,
C WHERE L=A*J
DOUBLE ' PRECISION  FR(NFOR),SUM1, SUM2
DIMENSION ADF(250),PS5(250)
of b
C ROUTINE TO DETERMINE THE AREA WEIGHTED LENGTH DISTRIBUTION'
C FUNCTION FROM THE REAL“FOURIER COEFFICIENTS, FR(JP1)
c . .
C KEY VARIABLES:
C A=The Fourier distance, nm
c PS(JPl)= A length given by: PS(JP1)=(JP1-1.5)*A
C ADF(JPl)= The area weighted distribution function
o normalized to sum(ADF)=1.0 "
o

WRITE(1,10)

10 FORMAT('ENTER "1" TO LIST THE AREA WEIGHTED DIST. FUNCTION )
READ(1,*) ILIST
IF(ILIST.NE.1) GO TO 100

RLAM=0.1542
RAD=3,1415926/180.
WRITE(IOUT, 20)
20 FORMAT(/,5X,'AREA WEIGHTED DISTRIBUTION FUNCTION'/,2X, _
& 'FOURIER FREQUENCY  LENGTH DISTRIBUTION FUNCTION',/,2X
& ' (NM) ")

SUM1=0. , ' .
SUM2=0. B
NADF=MINO (NFOR-1, IFIX(50. /A)+l)
DO 30 I=1,NADF
PS(1)=0.
ADF(I)=0.
30 CONTINUE

DO 35 JP1=2,JP1LO
PS(JP1)=(FLOAT(JP1~1)-0.5)*A
35 CONTINUE

DO 40 JPl=JP1LO,NADF
J=JP1-1
PS(JP1)=(FLOAT(J)-0. 5)*A
F(JP1)=(FR(JP1-2)-FR(JP1l-1) FR(JP1)+FR(JP1+1))/2
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SUM1=SUM1+PS(JP1)*ADF(JPl)
SUM2=SUM2+ADF (JP1l)
40 CONTINUE

PSAV=SUM1/SUM2

PO 60 JPl=1,NADF
J=JP1-1
ADF (JP1)=ADF(JP1)/(SUM2*Aa)
WRITE(IOUT,50) J,PS(JPl),ADF(JPL)
50 FORMAT(5X, I5,10X,F10.3,5X,F10.7)
60 CONTINUE
WRITE(IOUT,70) PSAV
70 FORMAT(//,2X,'THE AREA AVERAGE LENGTH IS: ',F10.2,' NM')
100 RETURN '
END
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.14 Subroutine SAVEL

SUBROUTINE SAVEL(NFOR;A,B,NAMEL,MINAN,MAXAN, PARA) C e

ROUTINE TO STORE FOURIER COEFFICIENTS, A AND B INTO A FILE

DIMENSION NAME2(5),IBUF(90),IDCB1(144),ISIZE(2)
DOUBLE PRECISION A(NFOR),B(NFOR)

DIMENSION NAMEL1(5),PARA(16) .
DATA NAME2/2H00, 2H00, 2H00, 2HJU,135/, ISIZE/40 10/°
WRITE(1,10)

FORMAT(/, 'ENTER "1" TO SAVE THE FOURIER COEFFICIENTS IN A FILE')
READ(1,*) ISAVE

IF(ISAVE.LE.0) GO TO 100

WRITE(L,20)

FORMAT(/, 'ENTER THE (6 CHAR) FILENAME FOR THE DATA')
READ(1,30) (NAME2(I),I=1,3)

FORMAT (3A2)
WRITE(1,40) (NAME2(I),I=1,5)
FORMAT(/, 'DATA WILL BE STORED IN FILE: ',3A2, JA2,':0,13)

CALL CREAT(IDCB1,IERR,NAME2,ISIZE,3 NAME2(4) NAMEZ(S))
IF(IERR.LT.0) GO TO 90

DO 70 JPl=1,NFOR ' :
J=JP1-1 A

- DO'55 I=1,32

55"

60

70

75

80

41

42

43

IBUF(I)=2H
CALL CODE .
WRITE(IBUF,60)J,A(JP1l),B(JPL)
FORMAT(2X,13,4X,1PE12.5,4X,1PE12.5)
CALL WRITF(IDCB1, IERR, IBUF,32)
IF(IERR.LT.0) GO TO 90
CONTINUE
DO 75 I=1,80
IBUF(I)=2H
CALL CODE
WRITE(IBUF,80) (PARA(I),I=1,8)
FORMAT(1X, 8(F10.5,',"'))
CALL WRITF(IDCB1, 1ERR, IBUF, 90) ,
IF(IERR.LT.0) GO TO 90 . L
DO 41 I=1,32 :
IBUF(I)=2H
CALL CODE &
WRITE(IBUF,42)
FORMAT(5X, 'FOURIER COEFFICIENTS')
CALL WRITF(IDCBL,IERR, IBUF, 32)

DO 43 I=1,32
IBUF(I)=2H

\"J
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- CALL CODE

44

45

46

90
95
100

WRITE(IBUF,44) (NAME1(I),I=1,3)
FORMAT('FILE: ', 3A2)
CALL WRITF(IDCBL, IERR, IBUF,32)

DO 45 I=1,32
IBUF(I)=2H . .

CALL CODE ‘

WRITE(IBUF,46) MINAN,MAXAN

FORMAT( 'ANGLE (2*THETA):',I5,' TO ',15)

CALL WRITF(IDCBI,IERR, IBUF,32) : -~

CALL CLOSE(IDCBI1, IERR)
IF(IERR.GE.0) GO TO 100

WRITE(1,95) IERR , . .
FORMAT(/,5X, 'TROUBLE IN FMP CALL, ROUTINE SAVE. IERR=¥,15)
RETURN -

END
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12.12.15 Subroutine NEWX -

FTN4 :
~ SUBROUTINE NEWX(B, IDIM,WIDTH)
C
C SUBROUTINE TO DETERMINE NEW VALUES OF X ACROSS
C A WIDTH ‘
c

DIMENSION B(6)
COMMON X(500)

X(1)=B(3)-WIDTH/2.
XDEL=WIDTH/FLOAT(IDIM-1)
DO ‘20 K=2,IDIM
X(K)=X(K~1)+XDEL

20 CONTINUE
RETURN
" END
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.16 Subroutine FIT

SUBROUTINE -

FIT(IDIM,NPAR,B,BMIN, BMAX,Y, IOUT)

MAIN LINE PROGRAM FOR SUBROUTINE BSOLVE

WRITTEN BY

W.BALL MODIFIED FOR XPROF BY W.C.S. PICK

DESCRIPTION OF: USER PRRAMETERS

NN = NUMBER
KK = NUMBER
B = VECTOR
BMIN = VECTOR
BMAX = VECTOR
X = VECTOR
Y = VECTOR
PH =
z::
BY =

OF DATA POINTS OR NUMBER OF EQUATIONS

OF UNKNOWN COEFFICIENTS

OF UNKNOWN COEFFICIENTS

OF MINIMUM VALUES OF B

OF MAXIMUM VALUES OF B

OF THE INDEPENDENT VARIABLE DATA. POINTS(l)
OF DEPENDENT VARIABLE

LEAST SQUARES OBJECTIVE FUNCTION
COMPUTED VALUES;OF DEPENDENT VARIABLE
CODE’ VECTOR: 1.0 FOR NUMERICAL DERIVITAVES

(1) THIS PROGRAM IS CURRENTLY SET UP FOR ONE INDEPENDENT VARIABLE

DESCRIPTION OF OUTPUT PARAMETERS

il

B

THE NUMBER OF COEFFICIENTS NOT SATISFYING THE CONVERGENCE
CRITERION

‘THE FINAL VALUE OF THE REGRESSION COEFFICIENTS

THE VALUE OF THE DEPENDENT C .CJLATED FROM THE REGRESSION

COEFFICIENTS

DIMENSION P(2000),A(16,18),AC(16,18),FV(16), Dv(16)
DIMENSION B(16),z(250), Y(IDIM) BV(16) BMIN(16) BMAX(16)
COMMON X(500)

“NI =1
NO =1

. EXTERNAL FUNC

-
.

READ IN NUﬁBER OF DATA POINTS, UNKNOWNS. *
READ (NI,*) NN, KK

NN=IDIM
KK=NPAR

FORMAT (8I10)

READ IN INITIAL GUESSES.

READ (NI,*) (B(J), J=1,KK)
FORMAT(8E10.3) 4 ¢
READ IN LIMITS ON VARIABLES.

READ (NI, *) (BMIN(J), J=1,KK)

READ (NI,*) (BMAX(J), J=1,KK)

READ IN INDEPENDENT VARIABLES.

READ IN DEPENDENT VARIABLES.

READ (NI,*) (X(I), I=1,NN)

READ(NI,*)

(¥(I),I=1,NN)

—



C 847
C 851

100

015
c18
cr01

016

700
017

- FORMAT ('
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FORMAT (10F8.6)
FORMAT(10F8.4)
FNU=0.0
FLA=0.0
TAU=0.0
EPS5=0.0
PHMIN=0.0

1=0

KD=KK
FV(1)=0.0

DO 100 J=1,KK .
BV(J)=1 . %
CONTINUE ‘

ICON=KK

IT 0

WRIT (IOUT 015)

FORMAT (1H1,10X,27HBSOQLVE REGRESSION ALGORITHM )
WRITE(NO, 018)
F Wy
DO. 701 J=1,NN
WRITE(NO,O01l7)X(J),Y(J)
WRITE(NO, 016)
FORMAT(' "W/
")

DO 700 J=1,KK - = . .

RAW DATA f//,lZX,'Xf,l4X,' Yy ")

INITIAL GUESSES UPPER LIMITS LOWER LIMITS

-WRITE(NO,017)B(J),BMAX(J), BMIN(J)

FORMAT(3E17.3) ,

1050 DO 1099 ICONT=1,10 - ' -

018

200 CALL BSOLVE(KK,B,NN,Z,Y,PH,FNU,FLA, TAU EPS, PHMIN, I, ICON,FV,DV,BV,
1BMIN, BMAX, P, DERIV,KD, A, AC, GAMM) ,
ITER=ITER+1 '
WRITE (NO,001) ICON, PH, ITER o
- 001 FORMAT (/,2X,6HICON = ,13,4X, SHPH = ,E15.8,4X, .
1 16HITERATION NO. = ,I3) §
IF (ICON) 10, 300, 1099 o
10 IF (ICON+l) 20, 60, 1099
20 IF (ICON+2) 30, 70; 1099 . .
30 CIF (ICON+3) ., 40, 80, 1099
40 IF (ICON+4) 50, 90, 1099
50 GO TO 95
1099 CONTINUE
DO 1100 J=1,KK
1100 WRITE(1,018)J, B(J) N , ' \

FORMAT(2X, I5,1PE15.8)
WRITE(1,1110)

1110 FORMAT(~ENTER "1" TO STOP ITERATIONS )

60
004

70
005

"READ(1,*) ISTOE, | .
IF(ISTOP.EQ.1) GO TO 1000

GO TO 1050

WRITE (NO,004)

FORMAT - (//,2X,32HNO FUNCTION IMPROVEMENT POSSIBLE )
GO TO 300 ~

WRITE (NO,005) _

FORMAT (//,2X, 28HMORE 'UNKNOWNS THAN FUNCTIONS)
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GO TO 300

80  WRITE (NO,006)

006 FORMAT (//,2X, 24HTOTAL VARIABLES ARE ZERO)
GO TO 300

90  WRITE (NO,007)

007 FORMAT (//, 2X, 79HCORRECTIONS. SATISFY CONVERGENCE .REQUIREMENTS BUT
1LAMDA FACTOR (FLA) STILL LARGE) .
GD TO 300

95  WRITE (NO,008)

008 FORMAT (//,2X, 20HTHIS IS NOT POSSIBLE) _
GO TO 300 '

300 WRITE (IOUT,002)

002 FORMAT (//,2X, 26HSOLUTIONS OF THE EQUATIONS)
.DO 400 J=1,KK

. WRITE (IOUT,003) J, B(J) §

003 FORMAT (/,2X, 2HB(,I12,4H) = ,E16.8)

400 CONTINUE

C WRITE (NO, 8) . o
C65  FORMAT(//,9%,' X Y CAL'/)
- SUM2=0.0 ‘ . .

DO 63 IE=1,NN
SUM2=SUM2+(Y(IE)=Z(IE))**2
WRITE(NO,66) IE,X(IE),Y(IE),Z(IE) “
6~ FORMAT(5X,I2,3E12.4).
63 CONTINUE
WRITE(NO,67)SUM2 ’
67 FORMAT(//,' THE LEAST SQUARES OBJECTIVE FUNCTION = ',E16.6,//)
1000 RETURN " .
.. END
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12.12.17 Subroutine BSOLV

FTN4¢

i

120

130
«.160

162
163
170
180
190
500
530
550

560

. 590

601

605

606

CIF( BV(J1) ) 61,0, <.
CALL DERIV v, ., ', 2, P(N? *, DV, J1, JTEST)

SUBROUTINE BSOLVE (KK, B, NN, 2, Y, PH, FNU, FLA, TAU, EPS, '
PHMIN, I, ICON, FV, DV, BV, BMIN, BMAX, P,

2 " FUNC, DERIV, KD, A, AC, GAMM)

DIMENSION B(10),2(50),Y(50),BV(10),BMIN(10),BMAX(10)
DIMENSION P(100),A(10,10),AC(10,10),X(25),FV(10),DV(10)

K = KK
N = NN

KPL = K + 1

KP2 = KP1 + 1

KBI1 = K*N

KBI2 = KBIl + K

KZI = KBI2 + K -

IF( FNU .LE. 0. ) FNU = 10.0
IF( FLA .LE. 0. ) FLA = 0.01
IF( TAU .LE. 0. ) TAU = 0.001
IF( EPS .LE. 0. ) EPS = 0.00002
IF(PHMIN.LE.O.) PHMIN=0. :
KE=0

DO 160 I1=1,K

IF( BV(I1) .NE. 0. ) KE = KE + 1

IF( KE .GT. 0 ) GO TO 170 -
ICON = -3 :

GO TO 2120 S

IF( N .GE. KE ) GO TO 500

ICON= -2 = ‘

GO TO 2120

I1 =1

IF( I .GT. 0 ) GO TO 1530

DO 560 J1=1,K

J2 = XBI1 + J1

‘P(J2) = B(J1)

J3 = KBI2 + Jl

P(J3) = ABS(B(J1)) + 1.0E-02

GO TO 1030 ,

/IF (PHMIN .GT, P¥ .aN,. I .GT. 1) GO TO 625
DO 620 J1=1,K

N1 = (J1-1)*My

1
n

o

IF( JTEST .NE. (-. ' GO TO 62°
BV(J1) = 1.0 . -
DO 606 J2=1,K '

'J3 = KBIl + J2

P(J3) ='B(J2)

J3 = KBI1 + J1

J4 = KBI2 + J1

DEN = 0.001*AMAX1(P(J4),ABS(P(J3)))

IF (P(J3) + DEN .LE. BMAX(Jl)) GO TO 55

237
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P(J3) = P(J3) - DEN

DEN = — DEN
55 P(J3) = P(J3) + DEN
GO TO 56 N
56 CALL FUNC (K, P(KBIl+l), N, P(N1+l), FV)

DO 610 J2=1,N
JB = J2 + N1
610 P(JB) = (P(JB) - Z(J2))/DEN
620 CONTINUE
C SET UP CORRECTION EQUATIONS
625 DO 725 J1=1,K
: N1 = (J1-1)*N
A(J1,KPl) = 0.
IF( BV(J1l) ) 630,692,630
630 DO 640 J2=1,N
N2 ='N1 + J2
640 A(J1,KP1l) = A(J1,KP1l) + PIN2)*(Y(J2)-2(J2))
650 DO 680 J2=1,K
660 A(J1,J2)=0.
665 N2 = (J2-1)*N
670 DO 680 J3=1,N
672 N3 = N1 + J3
674 N4 = N2 + J3 ‘
680 -A(J1,J2)=A(J1,J2) + P(N3)*P(N4)
IF(A(J1,J1).GT.1.E~20) GO TO 725
692 DO 694 J2=1,KP1
694 ° A(J1,J2) = 0.
695 A(J1,J1) = 1.0
725 CONTINUE
' GN = 0. .
DO 729 J1=1,K
729 GN = GN + A(J1,KPl)**2
C ~ SCALE CORRECTION EQUATIONS
DO 726 J¥1,K -
726 A(J1,KP2) = SQRT(A(J1,J1))
DO 727 J1=1,K
A(J1,KPl) = A(J1,KPl)/A(J1,KP2)
DO 727 J2=1,K
727 A(J1,J2) = A(J1,J2)/(A(J1,KP2)*A(J2,KP2))
730 FL=FLA/FNU
GO TO 810
800 FL = FNU*FL
810 DO 840 J1=1,K
820 DO 830 J2=1,KPl
830 AC(J1,J2)= A(J1,J2)
840 AC(J1,J1)=AC(J1,J1) + FL .
of SOLVE CORRECTION EQUATIONS
DO 930 L1=1,K
L2=L1+1
DO 910 L3=L2,KPl
910 AC(L1,L3)=AC(L1,L3)/AC(L1,L1)
DO 930 L3=1,K ’
- IF(L1-L3)920,930, 920
920 DO 925 L4=L2,KPl
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925 AC(L3,L4)=AC(L3,L4)-AC(L1,L4)*AC(L3,L1)
930 CONTINUE
DN = 0.
DG = 0.
DO 1028 J1=1,K
AC(J1,KP2) = AC(J1,KPl)/A(J1,KP2)
J2.= KBI1 + J1
P(J2) = AMAX1(BMIN(J1),AMIN1(BMAX(J1),B(J1)+AC(J1,KP2)))
DG = DG + AC(J1,KP2) * A(J1,KPl) * A(J1,KP2)
DN = DN + AC(J1,KP2)*AC(J1, xpz)
1028 AC(J1,KP2)=P(J2)~B(Jl)
COSG = DG/SQRT (DN*GN)
JGAM = 0
IF( COSG ) 1100,1110,1110
1100 JGAM = 2
" COSG = - COSG
1110 CONTINUE
COSG = AMIN1(COSG, 1.0) .
GAMM= ARCOS(COSG)*180./(3.14159265)
IF( JGAM .GT. 0 ) GAMM = 180. - GAMM
1030 CALL FUNC (K, P(KBIl+l), N, P(KzI+l), FV)
1500 PHI = 0. :
DO 1520 J1=1,N
J2 = KZI + J1
1520 PHI=PHI+(P(J2)-Y(J1))**2
IF(PHI.LT. 1.E-10) GO TO 3000
IF( I .GT. 0 ) GO TO 1540
1521 ICON = K
GO TO 2110
1540 IF( PHI .GE. PH ) GO TO 1530
EPSILON  TEST
1200 ICON = 0 - . : o
DO 1220 J1=1,K -
. J2=KBI1l+Jl ' .
1220 IF( ABS(AC(J",KP2))/(TAU + ABS(P(J2))) .GT. EPS ) ICON = ICON + 1
IF( ICON .EQ. 0 ) GO TO 1400
GAMMA LAMBDA TEST
IF (FL .GT. 1.0 .AND. GAMM .GT. 90.0) ICON
GO TO 2105
GAMMA EPSILON TEST
1400 IF (FL .GT. 1.0 .AND. GAMM .LE. 45.0) ICON
| GO TO 2105
1530 IF( I1 - 2°) 1531,1531,2310
1531 I1. = I1 + 1
GO TO (530,590, 800) I1
2310 IF( FL .LT. 1.0E+8 ) GO TO 800
1320 ICON = -1
2105 FLA = FL ‘ : -
DO 2091 J2=1,K :
J3 = KBI1 + J2
2091 B(J2) = P(J3)
2110 DO 2050 J2=1,N
J3 = KZI + J2
2050 2(J2) = P(J3)

]
]
[

"
1
'S
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PH = PHI
I=I+1
2120 RETURN
3000 ICON=0
GO TO 2105 -
END
FUNCTION ARCOS(Z)
X=2Z
KEY=0
IF( X.LT. (~1.)) X=-1.
IF( X.GT. 1.) X=1.
IF( X.GE. (-1.) .AND. X .LT. O0.) KEY=1
IF( X.LT. 0.) X=ABS(X)
IF( X.EQ. 0.) GO TO 10

ARCOS=ATAN (SQRT(1.-X*X)/X)
IF( KEY .EQ. 1) ARCO0S=3.14159265-ARCOS

GO TO 999
10  ARCOS=1.5707963
999 RETURN

END
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12.12.18 Subroutine FUNC

1™

SUBROUTINE FUNC(KK,B,NN,Z,FV)

ROUTINE TO DETERMINE THE FUNCTION VALUE FOR A GIVEN
SET OF INPUT PARAMETERS, B, AND VALUES OF X

X IN DEGREES 2*THETA

IF X(500) ,< O , THEN DO NOT APPLYK-ALPHA DOUBLET CORRECTION
OTHERWISE CONSIDER K-ALPHA1l K-ALPHA2 BROADENING
DIMENSION Z(NN),B(KK),DELTH(2)
DOUBLE PRECISION RLAM1, RLAM2,RL1,RL2, THETAl THETA2,D(2)
. COMMON X(500)
RLAM1=1.540562
RLAM2=1,544390
RAD=0.0174533
DO 10 J=1,2
D(J)=RLAM1/(2.*SIN(B(8*(J-1)+3)* RAD/2.))
RL1=0.5*RLAM1/D(J) .
RL2=0.5*RLAM2/D(J)
THETA1=DATAN(RL1/DSQRT(1.-RL1**2))
THETA2=DATAN(RL2/DSQRT(1.~RL2**2))
DELTH(J)=2.*(THETA2-THETAl)/RAD
IF(X(500).LT.0) DELTH(J)=0.
10 CONTINUE
DO 100 N=1,KN
Z(N)=0.
DO 50 K=1,KK, 8
J=(K+7)/8
U=B(K+7)
IF(X(N).GT.B(K+2)) U= 1
DELX=X(N)-B(K+2)
P1=0.66667*B(K)/(1.+U*B(K+1)*DELX**2)**B(K+3)
P2=0.66667*B(K+4)* (EXP(-U*B(K+5)*DELX**2) ) **B(K+6)
DELX=DELX-DELTH(J)
P3=0,33333*B(K)/(1. +U*B(K+l)*DELX**2)**B(K+3)
P4=0.33333*B(K+4)*(EXP(~U*B(K+5)*DELX**2) ) **B(K+6)
: Z(N)= Z(N)+Pl+P2+P3+P4
50  CONTINUE
100 CONTINUE x
RETURN
END

e NN NsNoNe e
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12.12.19 Subroutine DIST

FTN4
SUBROUTINE DIST(IANG,RINT, IDIM)

CHANGE ANGLE TO INTERPLANAR DISTANCE BY:
© ___ X=1/D=2*SIN(THETA)/LAMBDA
LAMBDA=1.5418 ANGSTROM
IANG=100*2*THETA
THIS ROUTINE ALSO PERFORMS APPROXIMATE ANGULAR CORRECTIONS
ON THE INTENSITY OF SUBTRACTED PROFILES

LET APPARENT INTENSITY=PURE INTENSITY*K(THETA)
WHERE K(THETA)=LORENZ-POLARIZATION *TEMP_ *SCATTERING FACTORS

***TEMPORARY CHANGE 1983-(3-(03***
X(K)=ANGLE (in Degre€s 2*Theta)

‘fonnanNnonAannnaAA

DIMENSION IANG(IDIM),RINT(IDIM)
COMMON -X(500)
RLAM=1.5418 \
RINMX=0.0
XINMX=0.0 , :
XHAF=0.0 ‘ ;
WRITE(1,10)

10 FORMAT('ENTER "1" TO APPLY ANGLE CORRECTION')
READ(1,*) ICOR
“IF(ICOR.NE.1) GO TO 75

CORRECT INTENSITY

CALCULATE THE TEMPERATURE FACTOR CONSTANTS
ASSUMING CUBIC CRYSTALS OF PT-IR ALLOY
VALUES OF PHI FROM LINEAR APPROXIMATION OF
Cullity, Appendix 15.

nonNnannnn

ITEMP=0
TDEBY=257.5
TEMP=293,
X1=TDEBY/TEMP _
IF(X1.LT.0.7.0R.X1.GT.1.0) GO TO 15
PHI=0.839-(X1-0.7)*0.203 . : o
> A=77.5 ' - _ . v .
RM1=1.15E4*TEMP/ (‘PDEBY*TDEBY*A) * (PHI+X1/4.) -
GO TO 20
15 WRITE(1,16) : .
16 FORMAT('**ERROR-T§MPERATURE EXCEEDS RANGE FOR TEMPERATURE'
1 ,' FACTOR INTERPOMATION-- TEMP FACTOR SET=1.0') o
' ITEMP=1 . ' : ’
RM1=0. : S . BT
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20 DO 50 K=1,IDIM
TWOTH=(3.141592/180. )*FLOAT(IANG(K))/IOO
THETA=TWOTH/2.

CALCULATE. THE RECIPROCAL INTERPLANAR DISTANCES, X
X(K)=2.*SIN(THETA)/RLAM

CALCULATE THE LORENZ-POLARIZATION FACTOR

.

RLPF=(1.0+(COS(TWOTH))**2)/(SIN(THETA)*SIN(THETA)*COS(THETA))
CALCULATE THE TEMPERATURE FACTOR

TF=EXP(-2.*RM1*(X(K)/2.)**2)
IF(ITEMP.EQ.1) TF=1.0
RINT(K)=RINT(K)/(RLPF*TF)

CALCULATE THE SCATTERING FACTOR

F=77.01-34.8*X(K)
IF(X(K).GE.0.38.AND.X(K).LE.1.0) GO TO 40
30 WRITE(L,31)
31 FORMAT('**WARNING—RECIPROCAL LATTICE SPACING OUT OF'
1 ,' RANGE-') -
40 RINT(K)=RINT(K)/(F*F)

RESCALE THE PEAK (ARBITRARILY BY 50000*)

RINT(K)=RINT(K)*5.E4
RINMX=AMAX1(RINMX, RINT(K))

~ IF(RINMX.EQ.RINT(K)) XINMX=X(K)
RIHAF=RINMX/2.
IF(RINT(K).LE.RIHAF.AND.RINT(K-1) .GE.RIHAF)

1 XHAF=X(K)
X(K)=FLOAT(IANG(K))/100.

50 CONTINUE ‘ ‘ : \

o

LIST THE CORRECTED PEAK IF DESIRED

WRITE(1, 60)
60 FORMAT('ENTER "1" FOR A LIST OF THE CORRECTED PEAK')
READ(1,*) ILIST )
IF(JLIST.NE.1) GO TO 81
DO 70 K=1,IDIM ,
WRITE(1,65) IANG(K),RINT(K)
65 FORMAT(2X,I5,2X, F8.4)
70 CONTINUE
GO TO 81

GENERATE THE.RECIPROCAL SPACINGS IF NO CORRECTION IS REQUESTED

"75 DO 80 K=1,IDIM

THETA=(3.141592/180. )*FLOAT(IANG(K))/(IOO *2.)

o
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X(K)=2 ,*SIN(THETA)/RLAM
X(K)=FLOAT(IANG(K))/100.
RINMX=AMAX1 (RINMX,RINT(K))
IF(RINMX.EQ.RINT(K)) XINMX=X(K)
RIHAF=RINMX/2..
IF(RINT(K) .LE.RIHAF.AND. RINT (K- 1) GE. RIHAF)
1  XHAF=X(K)
80 CONTINUE ,
81 CONTINUE p > -
81 IF(XHAF.GT.l.E-6) GO TO .82
XHAF=(X(1)+XINMX)/2.
82 WRITE(1,83) RINMX,XINMX, XHAF
83 FORMAT(2X, 'THE MAXIMUM PEAK HEIGHT IS ', F8.2,
1 /,'AT RECIPROCAL SPACING: ',F8.4," ANGSTROM** 1,
2 /,'THE HALF HEIGHT OF THE PEAh OCCURS AT: ',FB. 4)

100 RETURN

END
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12.12.20 Subroutine PROF

FTN4
SUBROUTINE PROF(HRKHI,GR,GI,FR,FI,NFOR,IOUT)
DOUBLE PRECISION HR(NFOR),HI(NFOR),GR(NFOR),GI(NFOR)
C
C - PROGRAM TO DETERMINE THE PURE COEFFICIENTS,F, FROM
cC THE OBSERVED COEFFS, H, AND THE MACHINE COEFFS, G
C : , .
DOUBLE PRECISION DEN,FR(NFOR) ,FI(NFOR)
c o
F0=H0/GO
C \

DO 20 JP1=1,NFOR
DEN=GR(JP1)*GR(JPl) + GI(JP1)*GI(JP1)
FR(JP1)=(HR(JP1)*GR(JP1l) +HI(JP1)*GI(JP1))/DEN

© FI(JPl)= (HI(JPl)*GR(JPl) - HR(JP1)*GI(JPl))/DEN

20 CONTINUE

WRITE(IOUT, 30) \
30  FORMAT(/,20X,'** PURE PROFILE FOURIER COEFFICIENTS Rl
& /,10X,'J",8X, 'FR',8X, 'FI',7X, "AMP', /)
DO 50 JPl=1, NFOR
J=JP1-1
AMP=(FR(JPL1)*FR(JP1) + FI(JPL)*FI(JP1))**0.5.
WRITE(IOUT,40) J,FR(JPLl),FI(JP1l),AMP
40  FORMAT(6X,I5,3(2X, F8.3))
50 -CONTINUE
RETURN | .
END
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12.12.21 Subroutine ESTR

FTN4
SUBROUTINE: ESTB(RINT, IANG, IDIM,NPAR, PARA, PARMN, PARMX)
C . .
o ESTIMATE THE PARAMETERS FOR' THE BE HY CURVE //
C EFCE -
' DIMENSION PARA(NPAR) PARMN(NPAR
DIMENSION RINT(1),IANG(1l) - &= Y
DIMENSION IPAR(2) - -
COMMON X(5007 -
c : . ' , .
C Estlmate the parameter§ for the'bes t Modifi¥q
C Voigt Profile . L
o F =Fl + F2 ' -
- C where
o F1=PARA(1)/(l. + PARA(Z)*U*(ANG PARA(3))**2)**PARA(4)
C F2=PARA(5) *EXP(~PARA(6) *U* (ANG- PARA(3))**2)**PARA(7)
o U=1.0 if X<PARA(3)
c/ S PARA%?)Vlﬁ X>PARA(3)
o ASSUME: : A
c PARA(1)=PARA(5)=(PEAK HT)/2.
C PARA(4)=PARA(7)=PARA(8)=1.0
o ‘ v
IANHF=0 i
IANMX=0

NPEAK=NPAR/8
' DO 10 I=1,NPAR
PARA(I)=1. _ .

10 CONTINUE L
IF(NPAR.GT.8) GO TO 30 o
DO 20 K=1,IDIM

PARA(1)=AMAX1{PARA(1),RINT(X))

IF(PARA(1) .EQ.RINT(K)) IANMX=IANG(K)

RIHAF=PARA(1)/2.

IF(RINT(K).LE.RIHAF.AND.RINT(K-1) .GE.RIHAF) IANHF= IANG(K)

20 CONTINUE
IF(IANHF.GT.0) GO TO 22
IANHF=(IANG(1)+IANMX)/2 _ . _

22 PARA(1)=PARA(1l)/2. I )
PARA (2)=ABS( (FLOAT ( IANMX~IANHF))/100. )**( 2) ' .
PARA (3)=FLOAT(IANMX)/100.

PARA (5)=PARA(1)
PARA(6)=0.6931/(FLOAT (IANHF-~ IANMX)/lOO )**2
GO TO 110

30 WRITE(1,35) NPEAK : - .

35 FORMAT(/,2X, 'THE PROGRAM WILL ATTEMPT TO FIND ' +X5,' PEAKS',

. & /,5X, 'ENTER THE INITIAL GUESSES FOR PEAK Locazxmu‘ :

& /,10X,'l - The (111) Peaks of Pt and Ir ' o o
& /,10X,'2 - The (200) Peaks of Pt and Ir '
& /,10X,'3 - Enter the lnltlal guesses, deg Z*theta )
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READ(1,*) IGESS
IF(IGESS.LT.1.0R.IGESS.GT.3) GO TO 30
IF(IGESS.GT.2) GO TO .50
IF(IGESS.GT.1l) GO TO 40 .
PARA(3)=39.79 .
PARA(11)=40.71
IF(NPEAK.LT.3) GO TO 60
PARA(11)=40.25
GO TO 60

40 PARA(3)=46.27 ,
PARA(11)=47.36 . ¢
GO TO 60

50 READ(1,*)(PARA(I),I=3,NPAR,8).

60 DO B0 I=1,NPEAK
IPAR(I)=IFIX(PARA(3+8*(I-1))*100.)
DO 70 K=1, IDIM

IF(IPAR(I).GE.IANG(K).AND.IPAR(I).LE.IANG(K+1))
& - PARA(1+8*(I-1))=RINT(K)/2.
70  CONTINUE .
PARA(5+8*(I-1))=PARA(1+8*(I-1)) ‘
.80 CONTINUE
c

110 DO 120 I=1,NPAR,8
PARMN (I)=PARA(I)/100.
PARMX(I)=PARA{I)*5.0
PARMN(I+1)=0.001
PARMX (I+1)=1000.
PARMN(I+2)=PARA(I+2)*0.8
PARMX(I+2)=PARA(I+2)*1.2 '
PARMN(I+3)=0.5
PARMX(1+3)=20.0" : TN\
PARMN(I+4)=PARMN(I)
PARMX (I+4)=PARMX(I)
PARMN(I+5)=PARA(I+5)/50.
PARMX(I+5)=PARA(I+5)*50.
PARMN(I+6)=0.5
PARMX (I+6)=20.
PARMN(I+7)=0.1
PARMX(I+7)=1.5

120 CONTINUE

200 WRITE(1,220)

220  FORMAT('INITIAL GUESSES ARE:'/,12X,' GUESS (10X, 'MIN', 10X, 'MAX")
DO 240 I=1,NPAR

’ WRITE(1,230) I,PARA(I),PARMN(I),PARMX(I)

230  FORMAT(3X, I4,3(5X,1PE10.2)) :

240 CONTINUE

245 WRITE(1 750)

250 FORMAT. :iTER THE PARAMETER TO BE CHANGED') 2
READ(1,*, JPAR - 7
IF(JPAR.LT.1) GO TO 999
WRITE(1,260) JPAR

260 FORMAT('ENTER THE NEW PARAMETER, MIN, AND MAX FOR NoO. ', I5)

L



READ(1,*) PARA(JPAR),PARMN(JPAR), PARMX
GO TO 200

999 RETURN'

' END

(JPAR)

248

e



12.12.22 Subroutine READP

FTN4

249

p

SUBROUTINE READP(IDCB,NAME,FR,FI,NFOR)
c | ' . e .
o ROUTINE TO READ IN A SET OF FOURIER COEFFICIENTS FROM
c 'A FILE (COEFS MUST BE STORED IN THE SAME FORMAT AS
C GIVEN BY ROUTINE 'SAVE1l')
c .

DIMENSION NAME(S), IDCB(144) IBUF(30)
_DOUBLE PRECISION FR(NFOR),FI(NFOR)

(" CALL OPEN (IDCB,IERR,NAME,O,NAME(4),NAME(5))
IF(IERR.LT.0) GO TO 100
KK=0 i

0 50 K=1,NFOR T -

< DO 10 1I=1,30 ‘ o '

*  IBUF(I)=2H

10  CONTINUE

KK=KK+1 T

. CALL READF(IDCB, IERR, IBUF, 30 LEN)
IF(IERR.LT.0) GO TO 80 :
IF(LEN.EQ.~1) GO TO 100
CALL CODE. . T - .
READ(IBUF,20) PR(KK),FI(RK) ~ - .

20 FORMAT(9X, 1PE12.5, 4X, 1PE12.5)

50 CONTINUE ° -

55 CONTINUE T @'z .

GO TO 100 N S ' E oo

80 . WRITE(1,90) IERR L

90 FORMAT(/,5X, 'TROUBLE IN FMP CALL, ROUTINE READP. IERR= ',I5)

100 RETURN ) . ' oy

END o : - N

.
'.f

hed
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.12,23 Subroutine NURNG

SUBROUTINE NURNG(GR,GI,IDEL1, IDEL2, NFOR, IOUT) '
ROUTINE TO DEVELOP A SET OF FOURIER COEFFS OVER
A BROAD RANGE OF 2THETA FROM A NARROW RANGE OF
ANGLES. THE NARROW RANGE IS NECESSARY FOR
NARROW PEAKS (EG. MACHINE PROFILES) TO PREVENT
ALIASSING "THE BROAD RANGE IS REQUIRED FOR '
BROAD- PEAKS b
THE RELATIONSHIP.IS GIVEN BY KLUG AND ALEXANDER

DOUBLE PRECISION GR(NFOR),GI(NFOR)

DIMENSION DUMR(125),DUMI(125)
IRATIO=IDEL1/IDELZ .
RATIO=FLOAT(IDEL1)/FLOAT(IDEL2)
IF(ABS(FLOAT(IRATIO) ~RATIO).GT.0.05) GO TO 90

D0 20 JPl=l,NFOR
" J=JP1-1 '
- JPP1=J/IRATIO+1
_FRAC=FLOAT(J)7/RATIO - J/IRATIO
DUMR(JP1)= GR(JPPl)+FRAC*(GR(JPPl+l)4GR(JPP1))
DUMI(JPL1)=GI(. *P1} +FRAC* (GI(JPP1+1)~ -GI(JPPL)).
20 CONTINUE ‘

WRITE(IOUT 22) ‘ '

22 FORMAT(/ 5X, "MACHINE FOURIER COEFFICIENTS FOR BROAD- QANGE ./

& 7X,'J',11X,'GR',13X,'GI")

DO 30 JPl 1,NFOR -
© J=JP1-1 - Do
GR(JPl)—DUMR(JPl)/RATIO ‘

"~ GI(JPI)=DUMI(JP1l)/RATIO
WRITE(IOUT,25) J,GR(JPL) (GI(JP1)

25  FORMAT(5X,I5,2(5X,F10. 5))

90 WREHE (17057

1

-END .

30  CONTINUE ,Y'a* . .

GO [TOx100.. >,¢””'j . -
%k& T

95 FORMAT(H] JTDELl IS NOT. AN EVEN MULTIPLE OF IDEL2-' ,
& 7,5x"**‘;0 NOT BELIEVE .THE -PURE PROFILE, FR,» AND FI**')
oommm . R ) _—
R

[A=1V)




