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Riassunto 
 

Presso la linea di diffrazione MCX (Material Characterization by X-ray diffraction) del 

Sincrotrone di Trieste e' stata messa a punto una stazione sperimentale che consente di 

eseguire analisi "in situ" di nanostrutture. Il sistema e' indipendente dal diffrattometro e 

consente di ottenere in tempi ridotti (grazie all’uso di un Imaging Plate come detector) pattern 

di diffrazione da polveri o film sottili. La stazione sperimentale e’ dotata di un forno che puo’ 

riscaldare i campioni fino a 1000ºC. Inoltre e' stato implementato un sistema che consente il 

flusso di gas attraverso i campioni (contenuti in capillari di vetro o quarzo). 

L'interfacciamento e' stato realizzato attraverso il software Labview. La struttura e’ stata 

collocata su un tavolo mobile per agevolarne lo spostamento nell'hutch solo quando 

necessario. Nel 2009 e' stata accolta l’utenza che ha portato a termine le prime misure. Sono 

previste le necessarie modifiche che daranno la possibilita' di usare la stazione anche per 

misure SAXS e di reazioni catalitiche. 
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Abstract 
 

An Experimental Station has been set up at the MCX (Material Characterization by X-ray 

diffraction) beamline at the Italian National Synchrotron Radiation facility ELETTRA 

(Trieste, Italy). The main goal of the system is the possibility to perform “in situ” analysis of 

nanostructures. This new capability is independent of the diffractometer (an Imaging Plate has 

been chosen as a detector) and allows to reduce the required times to obtain diffraction 

patterns from powder samples and thin films. The Experimental Station is equipped with a 

furnace that heats the samples till 1000ºC, while the implementation of a gas line allows to 

flow gases through the samples (placed in glass or quartz capillaries). A Labview program has 

been developed to control the system. The system is located on a wheeled table, so it can be 

easily moved inside and outside the hutch only when necessary. In 2009, the first users 

performed their experiments by using this experimental station. Some developments are 

planned to allow both Small Angle X-ray Scattering (SAXS) experiments and to follow 

sample behaviour during catalytic reactions. 
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Chapter 1 - Introduction  

 

1.1) Diffraction 

A crystal structure is an arrangement of a set of nodes (atoms, ions or molecules) located upon 

the points of a lattice exhibiting long-range order and symmetry. 

The space of the lattice (that describe the crystal structure of a material) is filled by repeating 

identical volumes (the so called unit cells) defined by these nodes. The shape and dimension 

of the unit cell are defined by the lattice parameters.  

If R is a vector indicating the generic lattice point position, the reciprocal lattice can be 

defined by the vectors K for which is 

eiK•R = 1 

 

Considering an infinite three dimensional lattice, defined by its primitive vectors (a1, a2, a3) 

the reciprocal lattice is determined by its reciprocal primitive vectors:  

b1 = 2 ! (a2 x a3) / [ a1•( a2 x a3)], 

b2 = 2 ! (a3 x a1) / [ a1•( a2 x a3)], 

b3 = 2 ! (a1 x a2) / [ a1•( a2 x a3)]. 

The density of nodes in particular directions and planes (linking nodes of a crystal) can have 

an influence on the behaviour of the crystal itself. Because of this it is important to determine 

the planes and is useful to have a notation system. Miller indices are the notation system for 

planes and directions in crystal lattices. They are three integers h, k, and l, usually written (h k 

l), that determine a family of lattice planes. Each index denotes a plane orthogonal to that 

direction in the basis of the reciprocal lattice vectors. The three primitive reciprocal lattice 

vectors (b1, b2, b3) are determined when given the three lattice vectors a1, a2, and a3 that 

define the unit cell. The reciprocal lattice points are related to the sets of lattice planes in the 

real space lattice: for three Miller indices h, k, l, the notation [hkl] denotes the direction: 

ha1+ ka2+ la3 

while the notation (hkl) indicates the set of planes orthogonal to the reciprocal lattice vector: 

ghkl = hb1+ kb2+ lb3. 

The interplanar spacing of the real space planes, d, is related to the (shortest) reciprocal lattice 

vector orthogonal to the planes (Dinnebier): 



 6 

d = 2 ! / | ghkl |. 

As an example, for the special case of simple cubic crystals, the lattice vectors are orthogonal 

and have the same length; the same happens to the reciprocal lattice vectors. Moreover, [hkl] 

is normal to the (hkl) planes. Symmetry properties of crystals are indicated by the operations 

under witch a crystal doesn’t change and the identification of all the symmetries determines a 

full classification of the crystal. Crystal structures are grouped in seven lattice systems 

according to the axial system used to describe their lattice: cubic, hexagonal, tetragonal, 

rhombohedral, orthorhombic, monoclinic and triclinic (Ashcroft).  

The basis of diffraction theory is the idea that secondary waves are scattered by atoms of a 

crystalline solid when an incident X-ray beam interacts with their electronic clouds. If 

scattered waves interferes constructively, that is if the path length of each wave is equal to an 

integer multiple of the wavelength, the waves remain in phase and a diffraction maximum is 

obtained. The collection of minima and maxima produce the so called “diffraction pattern” on 

a detector. It is obtained by collecting the intensity of scattered waves as a function of 

scattering angle. In case of constructive interference, the path difference between the two 

waves is given by 2 d sin! (! is the angle between the incident ray and the scattering planes, d 

is the spacing between the planes in the atomic lattice). If the crystal is modelled as a set of 

discrete parallel planes separated by the parameter d, as in Figure 1.1, the highest intensities 

in the diffraction pattern are obtained when scattered waves satisfy the Bragg’s law: 

n "= 2 d sin(#), 

where n is an integer and ! is the wavelength of the incident X-ray radiation (Dinnebier).  

The Bragg’s law is also used to find the distance between successive (h k l) lattice planes. For 

a cubic system (with lattice parameter a) it is given by: 

d = a / (h2+k2+l2) 1/2.  

Figure 1.1 shows a schematic representation of the Bragg diffraction condition. 

Moreover, combining the previous relation with Bragg's law: 

sin2 (#) / ( h2+k2+l2) = ("/2a)2. 

Miller indices are also related with selection rules, which can be derived for different lattices. 

The diffraction pattern measurement allows to determine the reciprocal vectors, and, finally, 

the atomic structure of the crystal.  
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Figure 1.1: Bragg condition. Two waves with the same wavelength and phase collide against a crystalline 
solid. In the picture, they are scattered by two different atoms (d is the distance between them). One of the 
beams traverses an extra length 2 d sin!.  

 

 

If scattered beams are produced from a single crystal that is gradually rotated, the diffraction 

pattern appears like a set of discrete spots on the detector (Dinnebier). Each spot corresponds 

to the reflection of the x-rays from one set of crystal planes. Crystalline solids cannot always 

be prepared as single crystals suitable for structural characterization by conventional single 

crystal X-ray diffraction (XRD) methods.  

 

  

 

Figure 1.2: On the left: for a powdered sample (in the center) collided by a monochromatic beam (pink 
line), diffracted beams form continuous cones. A film-covered circle can in principle be used to record the 
diffraction pattern. In this way, diffraction lines are obtained by intersection of cones with the film., where 
lines are seen as arcs (http://www.matter.org.uk/diffraction/x-ray/powder_method.htm). On the right, the 
scattered beams due to single crystal diffraction (on the top) are compared with scattered beams 
originating from a powder (Dinnebier) 
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The structure of these materials can be determined thanks to the development of techniques 

for crystal structure analysis from powder diffraction. In this case, every possible crystalline 

orientation is equally represented. The rotational averaging gives diffraction rings around the 

beam axis, instead of spots (Figure 1.2), and each ring corresponds to a reciprocal lattice 

vector in the crystal. In the diffractograms the intensity of the diffracted beam is shown as 

function of the scattering angle 2" between the beam axis and the ring. Powder diffraction 

allows the non-destructive analysis of multi-component samples, providing a "fingerprint" by 

the comparison with known standards or patterns collected in a database (Powder Diffraction 

File of the International Centre for Diffraction Data, http://www.icdd.com/index.htm).  

Structure solution from powder diffraction data is associated with several difficulties, and 

many discussions are open about the current scope and future potential of powder diffraction 

as an approach to crystal structure determination (Harris et al., 1996; Harris et al.,2001; 

Scardi and Leoni, 2005). Nevertheless, the powder diffraction pattern contains a wealth of 

information in addition to the pure crystal structure, as summarized in Figure 1.3 (Dinnebier 

and Billinge). 

 

Figure 1.3: General information content of a powder diffraction pattern (Dinnebier) 
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At present, many efforts are directed in understanding size-related bahaviours of systems at 

the nanoscale, because the knowledge of chemical and physical properties and materials 

characteristics cannot be obviously extended to this regime. In studying nanoparticles, X-rays 

can be used as a probe because their wavelengths are comparable with inter-atomic distances 

and can help in refining model studies obtained with different experimental methods 

(Alayoglu and Eichhorn, 2008; Hall et al., 2000; Huang et al., 2008). 

Comparative experimental investigations are desirable to better understand the sample 

structure. As an example, because of the complex structure of catalysts, XRD and Extended 

X-ray Absorption Fine Structure (EXAFS) can be used to obtain complementary 

informations. As a matter of fact, EXAFS gives an analysis related to the short range order (so 

that the amorphous components of the catalyst can be addressed) while XRD characterizes the 

crystalline and well ordered component. Moreover, both these techniques take advantage of 

special cells designed to perform in situ experiments (Grunwaldt and Clausen, 2002; Toshima 

and Yonezawa, 1998). 

Also, Transmission Electron Microscopy (TEM) and XRD give similar information in 

composition, size, strain and many other aspects. Nevertheless, diffraction supports TEM 

results on the wide range, to find statistically (more) significative results, and faster (Yan et 

al, 2001; Yang and Ying, 2009;, Wen-ming et al., 2008; Schulenburg et al., 2009; Sanchez-

Ramirez et al., 2005; Walspurger et al., 2010; Norby, 1997). Moreover, devices to perform in 

situ analysis with electron microscopy are not commonly used. 

Neutron diffraction is also used to characterize materials. Atomic nuclei, instead of electrons, 

scatter neutrons and their interaction with matter is weak. For this reason, many studies can 

take advantage of the low absorption cross-section with neutron scattering that most elements 

of the Periodic Table exhibit. Nevertheless, synchrotron radiation allows faster acquisition 

times. This means that the choice between the two techniques depends on the nature of the 

sample and problem to be analized. (Moron, 2000; Norby, 2006). 

Also, XRD is used in conjunction with thermal analysis (Ronchetti et al., 2010; Perez-

Ramirez et al., 2007; Garipoli et al., 2007), and many other techniques (Aiken III and Finke, 

1999).  
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1.2) “In situ” analysis 

Knowledge of the relationships between structural and physical/chemical properties enables a 

better understanding, for instance, of phase transformations, defects formation and reaction 

mechanisms. 

Although a valuable characterization of a sample at room temperature can be obtained by 

several techniques, the meterial behaviour at high temperature or controlled atmosphere 

conditions cannot easily be extrapolated. Many factors can introduce significant (and often 

unwanted) modifications in the system studied, and this is the motivation for the recent large 

development of in situ x-ray diffraction studies. (Capitan et al., 1999). 

“In situ” x-ray diffraction analysis, studing the system’s evolution during environmental 

sample variations, is an irreplaceable way to probe the phenomena related to nanoscale 

structure (Saenger et al., 2010).   

Non-ambient conditions can be realised in vacuum or in conditioned atmospheres in order to 

study phase transitions (Kempa and Herrmann, 2005), oxidation behaviour (Caudron and 

Buscail, 2000; Putero et al., 2010), catalytic processes (Krivoruchko et al., 2001;  Chupas et 

al., 2001; Clausen et al., 1991;  Karaca et al., 2010; Schulenburg et al., 2009), as strain and 

stress induced by defects or related to thin films characterization and surface kinetics (Faurie 

et al., 2009; Puig-Molina et al., 2001). Industrial processes that exploit catalytic reactions 

could be optimized through the knowledge of the catalyst's structure (Zhou et al., 2005) “in 

operando” mode and, as a basic research goal, this type of study could impart important 

information about nanoscale chemical and physical reaction mechanisms (Banares, 2005). X-

ray diffraction can be used as a complement to other thermal analytical techniques 

(thermogravimetry, differential scanning calorimetry, etc.), providing in this way the 

identification of phases, as well as analysis of textures, and measurement of crystallite size 

(Dapiaggi et al., 2002). 

As mentioned, performing experiments in dynamic conditions increases the possibility in 

characterizing materials. This is the reason because improvements in the facilities are always 

performed, as will be shown in the following paragraph.  

1.3) Synchrotron light sources 

High intensity tunable wavelengths, low beam divergence and high flux are features that 

make synchrotron x-ray radiation an unique probe for in situ and time-resolved studies. 

(Capitan et al., 1999). This provides the ability to perform accurate and fast materials 
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characterization, phase identification and many other applications. Many efforts are underway 

to make it possible to perform “in situ” studies (Foit and Peakor 1967; Lefker et al., 1953) 

and, over the years, a number of high temperature capabilities have been designed and 

reported in the literature (Muller et al., 1997; Schreuer et al, 1996). Developments of new 

facilities illustrate the main problems that one can find in designing the set-ups to perform this 

kind of experiments. Increasing the temperature of a sample can be done with many 

approaches. As an example, beamlines often have blowers or mirror furnaces (Figure 1.4). 

The formers heat samples by blowing warmed air, the latters take advantage of a peculiar 

geometry of halogen lamps. In both cases, heating is very localized and it is not trivial to 

monitor the real sample temperature.   

The difficulty is in having, at the same time, a controlled atmosphere and a uniform 

temperature distribution along the sample. This in particular is a crucial point if one wants to 

investigate phase transitions and reaction kinetics, or experiments where temperature control 

is especially important (Dapiaggi et al., 2001; Okazaki et al., 2009) .  

 
Figure 1.4: Mirror furnace (Siah et al., 2005) and blower (Karaca et al., 2010). 

 

Figure 1.4 shows the mirror furnace available at the Beamline X7A, National Synchrotron 

Light Source (NSLS), Brookhaven National Laboratory (Siah et al., 2005) and the blower  at 

the High Resolution Powder Diffraction Beamline BM01B (European Synchrotron Radiation 

Facility) adapted to allow gas flow (Karaca et al., 2010). 

To control atmosphere, on the other hand, the most natural way is using the capillary as a 

reactor. An example is in Figure 1.5, used at the DORIS II storage ring (HASYLAB, 
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Hamburg, Germany) on the D4 beamline (Clausen et al., 1991). In this case pre-heated air as 

the heat source may introduce air into the vacuum diffractometer chamber.  

A similar design is shown in Figure 1.6 (Chupas et al., 2001), available at the X-ray 

synchrotron powder diffraction beamline X7B (National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (BNL)). In this case, problems are related with the heating 

system (heating wire wrapped) that cannot ensure uniform temperature of the sample.   

Many problems can be met, related to positioning the thermocouple into the capillary, that 

also causes a significant pressure drop in gas flow and potential interference to the sample 

diffraction pattern caused by misalignment during measurement (Eu et al., 2009). 

 

 
Figure 1.5: HASYLAB oven: annealing sample is achieved with pre-heated gas. Problems are related with 
gas leakage (Clausen et al., 1991). 
 

More interesting is the device in Figure 1.7 (Eu et al., 2009) available at the Australian 

National Beamline Facility (Australian National Beamline Facility (ANBF), beamline BL-

20B of the Photon Factory, Tsukuba, Japan). The pre-loaded capillary is firmly mounted onto 

the furnace frame using stainless steel leak-free fittings with graphite ferrules.  

 

 
Figure 1.6: NSLS oven: the flow cell used for in situ XRD of catalysis. One heating element is wrapped 
around the reaction bed and a thermocouple is used to control and monitor the reaction temperature. 
(Chupas et al., 2001). 
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Even if in the mentioned paper Eu et al. describes many drawbacks of previous ovens, it is 

not clear how the Pt/Rh wire is protected from oxidation. Also, it uses the conventional 

detector to collect patterns, not an Imaging Plate, and only for a 4 mm sample zone can be 

ensured a stable temperature. No vacuum chamber is present in the structure.  

Interesting efforts (Dent et al., 1995; Cai et al., 2008) have been made in designing devices 

that can be used in many beamlines. As an example the furnace Figure 1.8 (Beamline 4B9A, 

Beijing Synchrotron Radiation Facility (BSRF)) is dedicated to XRD, SAXS and XAFS 

experiments.  

 

 
 

Figure 1.7: ANBF furnace: it is capable of achieving 1123K. Gas flow is also available (Eu et al., 2009) 
Reducing acquisition times facilitates the collection of the data during structural changes due 

to changes in external environment (Bushnell-Wye et al., 1995). 

The optics used to resolve scattered radiation in 2# can be enhanced, resulting in higher 

resolution powder patterns. Although the increased x-ray flux reduces the required counting 

times, the increased resolution of the spectrum requires many more steps in #, if a single 

detector is employed. As a result, the time necessary to collect a single powder pattern, on a 

high resolution diffractometer, is usally not negligible (Cookson and Garrett, 1997). If a 

multiple detector system (Figure 1.9) is not available (Yashima and Oh-uchi, 2006) an IP is a 

possible substitute because of the high sensitivity and dynamic range, that significantly 

reduced exposure times.  
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Figure 1.8: Outside shell and interior body of the furnace (BSRF). It can reach 1200K. No gas flow 
available. Image plates are used as detector (Cai et al., 2008). 
 

The most important advantage of the IP powder camera is to allow for the study of samples 

that undergo changes “in situ” over short time scales, because of the possibility of fast 

acquisition of complete powder diffraction patterns without loosing resolution. Also, it covers 

a two dimensional area, and allows the users to perform real time acquisitions. An example of 

this kind of pattern is shown in Figure 1.10 (Kempa and Herrmann, 2005). They are really 

useful because they contain much more information about the structural changes during the 

entire process, than conventional discrete patterns. 

The possibility of performing “in situ” analysis is extremely important but challenging. The 

experimental station described in this thesis has been designed and built with the scope of 

overcoming some common problems found in similar devices, so these examples have been 

taken into account, as have many others. These examples underlined the importance of 

accurately reproducing a variety of processing conditions, in order to have a reliable 

correlation between the high temperature diffraction data and structural sample changes.  

In designing this oven, care has been taken to the heating geometry.  

Nonuniform heating geometries produce significant thermal gradients across the sample.  

Also, some designs do not allow sample rotation, which is critical to achieve reasonable 

averaging (Margulies et al., 1999). For this reason the tubular system geometry has been 

chosen (described in Chapter 8) for allowing a good homogeneity of temperature distribution 

along the sample. Also, the use of the capillary as reactor does not disturb the sample rotation, 

which is critical for achieving powder averaging and quantitative structure factor data. The 

Debeye–Scherrer geometry was chosen: absorption considerations generally make this 

solution impractical with standard laboratory sources, but the use of synchrotron x-rays 
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alleviates this problem. Moreover, this avoids some aberrations introduced in the Bragg–

Brentano geometry by thermal expansion of the sample and substrate (Margulies et al., 1999). 

 
Figure 1.9: Multiple detector system with six detector arms at the BL 4B2 of the Photon Factory, Tsukuba 
(Yashima and Oh-uchi, 2006). 
 

In the following chapters the experimental station will be described in detail. Well known 

samples have been used to perform measurements in order to confirm the possibility of 

performing “in situ analysis”, and the main tests the experimental station performance will be 

described. 

 

Figure 1.10: Real time scans: changes in diffraction patterns as a result of heating from 20ºC to 190ºC 
(Kempa and Herrmann, 2005). It is shown the continuous thermal expansion and transition behaviour of 
FOX-7, a new highly explosive material developed by the Swedish Defense Research Agency (FOI). 
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Chapter 2 – The MCX Beamline 
 

The oven has been designed to work at the MCX (Material Characterization by X-ray 

diffraction) beamline (BL) at the Italian National Synchrotron Radiation facility ELETTRA, 

in Trieste.  

A bending magnet is the light source, while the BL operational range is between 4 and 18 keV 

(#E/E = 2 10-4, further details are provided elsewhere (Lausi et al. 2006)). As shown in Figure 

2.1, the expected flux at the sample, according to calculations made with the code Shadow, is 

about 1012 $/s (Lausi et al. 2006). 
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Figure 2.1: The continuous line is related to the left scale and describe the calculated source brilliance 
integrated over the beamline acceptance. The dashed line describes the photon flux expected at the sample 
on 1x1 square mm spot (right scale). In the abscissa are shown both the wavelength and the energy 
selected at the monochromator (for the ring operating at 2.4 GeV, 150 mA) (Lausi et al. 2006) 

 
 
The BL overview is shown in Figure 2.2, where the principal components of the three hutches 

(front end, optical and experimental) are highlighted. 

An aperture, positioned in the front end, limits the horizontal and vertical aperture of the beam 

to 6 mrad (the total power is about 70 W). The beamline optics are shown in Figure 2.3. 

The beam first impinges on a water-cooled cylindrical mirror (manufactured by SESO 

(France)) that is positioned face-up and makes the beam vertically parallel. 
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The tangential radius can be changed between 6 and 15 km with a bending mechanism, so the 

cylindrical shape is obtained.  

The double crystal monochromator (DCM), designed and patented by ELETTRA, uses two 

silicon crystals with the optical surface parallel to the (111) Bragg planes. The two crystals 

are placed on two independent rotation stages and the second crystal can be translated along 

the beam direction. The first crystal (manufactured by Polovodice, Czech Republic) has an 

active area of 50$ 50 mm2 and is water cooled. The second crystal (manufactured by ACCEL, 

Germany) is cylindrically bent to a variable curvature radius to provides horizontal focusing 

in 1:1 configuration. Also corrections for crystal yaw, roll and pitch are possible. Rejection of 

higher harmonics is obtained by detuning the second crystal.  

 

 
Figure 2.2: Major components of the MCX BL. 

 

The second mirror (also manufactured by SESO) has variable curvature (6 km to flat) and re-

focuses vertically the beam at the experimental station position. Unlike the first mirror, it is 
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positioned with the optical surface down, so that the beam returns horizontal at the end of the 

entire optical system. The possibility to change the radius of curvature to infinity allows to 

adjust the vertical spot dimension from 0.3 mm (fully focussed) to 4 mm (unfocussed). Three 

slits systems are mounted before each of the optical elements, and a fourth slits group is 

placed at the end of the optical path. 

 

Figure 2.3: Schematic of the MCX beamline: from left, the first (vertical collimating) mirror, the first 
(flat) crystal, the second (horizontal focusing) crystal and finally the second (vertical focusing) mirror. 
Distances from the source in millimeters are also given (Lausi et al. 2006). 

 

A safety shutter, positioned at the end of the optical hutch allows access at the experimental 

hutch with full power on the optics, to maintain the stability of the optical elements. At the 

entrance of the experimental hutch a beryllium window separates the 10-8 bar vacuum zone 

from the 10-1 bar one.  

The diffractometer (Lausi et al. 2006) is based on a 4-circle Huber goniometer (2# precision 

better than 0.0001°) in full circle configuration with a flat sample-holder plate (Ø 100 mm) 

controlled by a precision (1 µm) x-y-z motor system, 360° &-rotation and -90° ÷ +90° '-

tilting. A shaft optical encoding system provides the 2# rotation with real-time feedback and 

accurate control of the angular positions.  
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The diffracted arm carries a crystal analyser and a scintillation detector. Not only flat-plate 

samples, but also capillary measurements are possible with a simple spinner tool to be 

installed on the sample-holder.  

The high signal to noise ratio obtainable, narrow instrumental resolution function and 

monochromaticity allow a wide range of experiments: powder diffraction, grazing angle 

diffraction and reflectivity, texture analysis, residual stress, structural studies as phase 

identification, anomalous scattering, and diffraction anomalous fine structure. 
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Chapter 3 - Experimental set up description  
 

The main components and accessories of the experimental station are described in this 

chapter. The experimental station has been designed to work in the Debye-Sherrer geometry, 

as depicted in Figure 3.1. 

 

Figure 3.1: Debye Sherrer geometry and position of the main components of the experimental station. 

 

The structure is composed of three main parts: a “hot chamber”, where the furnace is 

enveloped in a vacuum chamber that contains the heating element, then a “cold chamber” 

hosting the sample alignment  stage and gas-flow system, and finally the detector.  

3.1) Table 

The furnace and associated infrastructure is housed on a wheeled table (Figure 3.2) that also 

hosts accessories like two independent sets of x/y collimating slits, two ionization chambers 

and the shutter in such a way that, even if the structure itself is voluminous and heavy (a 

necessary  condition to ensure the system’s vibrational stability), it can be easily moved in 

and out of the experimental hutch, where it resides only when needed.   

The alignment of the system outside the hutch is quickly accomplished via motorized drives 

(degrees of freedom are indicated in Figure 3.3). Inside the hutch, the alignment in the beam 

can be controlled in the same way, optimizing the ionization current observed in two 
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sequential ionization chambers mounted, respectively, behind an automated shutter and the 

slits in front of the table.  

 

 
 

Figure 3.2 Wheeled table. On the bottom the threaded legs that allow up-down movement can be seen. On 
the right the system that moves Slits 2 can be partially seen. On the left, the two sets of slits and ionization 
chambers. The shutter is not present in this picture. 

 

To perform the alignment procedure, an external system of slits has been mounted in front of 

the main chamber. The whole system is designed to allow the components fine movements in 

all the spatial directions. This guarantees that optimal positioning and alignment can be 

reached in a short time and with few actions. 

The slits (Huber series 3000 slit screen) are used to define the optical axis of the system, so 

that the axis passing through the two sets of slits necessarily impinges on the capillary as well. 

The slits are also used to shape the beam profile according to the specific application of the 

user: they can be closed or opened so that the aperture is from 9 mm2 to 0.01 mm2. Four rulers 

indicate the aperture variations, so that they can be manually or motor controlled. 

Independently by other mechanisms, Slits1 (the first at the entrance of the beam) can be 

moved in the lateral and vertical directions. The first motion is due to a motor positioned on 



 28 

the Slits1 support, the second motion is due to threaded supports on the table base. For this 

reason, the vertical displacement of Slits 1 results in a movement of the whole table.  

 

X
Y
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Figure 3.3: The two couples of slits and their possible relative movements. Also IC are schematically 
represented behind the slits 

 

While Slits 1 are fixed in one point of their support, Slits2 are mounted on the same support 

of the main structure, so that they have the same local coordinate system. Moving them in 

every direction results in moving all the vacuum chamber, and the oven too. All their 

displacements are performed with screws positioned under of the support plane. In particular 

the left-right one is done with a motor connected with one screw, while an iron bar connect 

the second screw that’s shifted by the first one. The acquisition start/stop is remote-controlled 

by a shutter placed in front of Slits 1. 

The rough alignment of slits, oven, capillary, beam stopper and exit slot can be obtained with 

a theodolite and a camera. The fine alignment, performed with ionization chambers behind the 

slits must be confirmed by a test pattern collected after every capillary change. The ionization 

chambers also indicate if alignment variations occur during the experiment.  

3.2) Vacuum chamber 

The vacuum chamber is a cylindrical, stainless steel structure with two Kapton® windows to 

allow the beam to pass through. The first one is circular shaped for the incoming beam, and 
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the second one covers the exit slot for the diffracted beams. The beam stopper holder is also 

integrated to the outer wall.  

The hot and cold chambers are separated with a copper diaphragm. It has a 5 mm aperture at 

its center preventing collateral heating of the capillary holder. Opening the chamber by sliding 

the cylinder allows for easy access to the sample capillary (for replacement and alignment) 

and to the furnace.  

The main structure is composed of two coaxial stainless steel cylinders. The double 

cylindrical contact has a water cooling channel which is in thermal contact with the copper 

diaphragm. Two Swagelok connectors allow water to flow (4 bar) through the hot chamber, 

so the outer  part of the chamber remains cool even at the highest operating temperatures.  

The oven operates under vacuum (10-3 bar) in order to avoid air scattering and heating of the 

Kapton windows and to preserve the heating filament from breaking, which could happen if 

high temperatures are reached in an oxygen rich-atmosphere.  

The diffracted beam exits the chamber through an interchangeable Kapton®-covered slot (2 

mm or 1mm). It must be aligned with the ceramic gap (Figure 3.4 and 3.5) and it extends 

from 2# = -10º to 120º. It can be lifted up or down to select a different angular range.  

 

 

Figure 3.4: Hot chamber. On the left, the exit rays slot can be seen. Also, the beam stopper is shown 
(M.G.). 

  

A stainless steel beamstopper (integrated at 2#=0º) prevents the direct beam from hitting the 

image plate (Figure 3.6). 
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Figure 3.5: Oven gap alignment with the hot chamber slot (G.Z.). 

3.3) Hot room  

The heating element is an alumina tube with a resistive wrapping (more details will be given 

in the Chapter 8). It has an external/internal diameter of 9.8 mm/8 mm, a length of 8cm and a 

thickness of 0.9 to 1.5 mm.  

 

 

Figure 3.6: Two views of the beam stopper (M.G.).  

 
About 5 mm away from the middle of the ceramic cylinder a 2 mm gap in the alumina support 

(as depicted in Figure 3.7 and 3.5) allows the x-rays to pass through the furnace, impinging on 

the sample capillary which is aligned along the ceramic cylinder axis. The furnace is heated 
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by a 150 cm long, 0.425 mm diameter kanthal wire (http://www.kanthal.com/) which is 

guided around the threads cut into the alumina tube.  

 

Figure 3.7: Detail of the ceramic support (M.G.). 

 

The path of the wrapping has been designed in order to obtain a zero magnetic field in the 

axis of the tube.  

Alternatively (because the wire must be manually wrapped), a simpler ceramic support has 

been designed with a spiral wrapping and a smaller internal diameter (7 mm), which makes it 

less delicate. The two supports are shown in Figure 3.9. 

 

 

Figure 3.8: Oven and flange (M.G.). 
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The ceramic cylinder is supported by a system of bars, attached on a removable flange.  In 

particular, two Macor supports are in contact with the ceramic, then two copper bars are 

screwed to the stainless steel support, which keeps the oven in a stable position, as in Figure 

3.8. Temperature measurement is accomplished with a K-type thermocouple held at the axis 

of the tube. It is attached in the same flange (provided by a Viton® O-ring) of the heating 

element, as well as the electrical feed-through (Figure 3.8).   

 

 

 

Figure 3.9: The two ceramic supports, called “zigzag oven” (top) and “spiral oven” (bottom) (M.G.). 

3.4) Cold room  

The fixed flange that closes the capillary side of the main cylinder (Figure 3.11), hosts the 

goniometer head, as the spinner and 3 mm Swagelok connectors for the gas flow.  
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3.4.1) Goniometer head 

The capillary alignment is made by tilting and displacing a goniometer head (Muller et al., 

1997) using a camera with a crossline reference (Figure3.10 and 3.11) on a screen. Although 

using smaller capillaries is preferable for quantitative parameter determination (Ermrich et al., 

1997) and to increase the resolution (Clausen et al., 1991), they’re sometimes difficult to fill 

uniformly, so the goniometer head has been modified to host a capillary holder which can be 

used for capillaries diameters ranging from 0.1mm to 2mm. 

 

 

Figure 3.10: Position of the camera behind the capillary to perform the alignment procedure (G.Z.). 

 
The holder ensures the stability of the capillary during the acquisitiuon, so as not to lose the 

alignment, and allows for gas flow when necessary.  

Low temperatures experiments allow the use of low-absorption borosilicate glass capillaries, 

and quartz capillaries are available for measurements above 600 C. 

Thin film samples can also be analyzed, by replacing the capillary with a sample holder, as 

shown in Figure 3.12. The sample stage must be a little bit tilted (a small step ensures the 

sample doesn’t slide down), and the alignment is made in the same way as the capillary 

alignment.  

To test this capability, the experimental station was used to monitor “in-situ” crystallization of 

as-grown amorphous thin films during sample annealing (Hazra et al., 2011). 
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Figure 3.11: Opened cold chamber with principal components of the fixed flange (G.Z.). 

 

A series of diffractograms is shown in Figure 3.13, from Ti-Zn mixed oxide thin films, with 

thicknesses less than 50 nm, grown with the atomic layer deposition technique at low 

temperature. 

The users observed that the temperature of crystallization changed with Ti content, as the 

sample structure does.  
 

 

 

Figure 3.12: Sample holder for thin films. Sample stage dimensions are 3 mm x 7 mm. The thickness is 
0.35 mm. 
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Figure 3.13: X-Ray diffractograms collected on sample Ti-Zn_1-1 (1 Zn1Ti) from 300°C to 600°C with a 
step of 100°C (Hazra et al, 2011, used with permission). 

3.4.2) Gas flow 

The capillary holder additionally contains connections and soft teflon hoses for controlled gas 

flow that makes it possible to produce inert atmospheres or simulate catalytic conditions. The 

main parts of the gas line comprise a specific flange and a special sample holder.  

The gas flux is regulated with a flowmeter. Literature reports detail the use of the capillary 

itself as a reactor, sometimes fixing the sample bed with quartz or glass wool. (Chupas et al., 

2001; Clausen et al. 1991; Karaca et al., 2010; Eu et al., 2009). However, if powders are too 

compact the gas flux cannot be uniform. For this reason, a specially adapted capillary holder 

was designed, built and used.  

The sample holder (Figure 3.15) is composed of three main parts and allows gas flow through 

two capillaries. The powder sample can fill the inner one (that has the tip broken and closed 

with quartz wool), or the external one, depending on the required resolution and on the 

powder texture.  

The external stainless steel component has two holes for gas (in-out) and is covered by a 

screw-top. To ensure the system is airtight, the larger O-ring has a smaller diameter so that, 

screwing, the other two O-rings are equally pressed and the gas must flow in one direction 

only (Figure 3.14). Results about the gas line are discussed in Chapter 9. 

The internal component is plastic (too obtain a lighter structure, that weights 55g only), and 

has two entrance for the gas. 
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Figure 3.14: Double capillary system to allow gas flow through the powder sample. 

 

 

The first below the inner capillary and the second is below the external capillary. In this case 

a furrow is also present around its surface, to ensure the gas flow. The system was tested for 

gas leakage in water bath at several pressures (maximum 2 bar) and configurations.  

 

                
 

Figure 3.15: Capillary holder for gas flow (G.Z.). 
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3.4.3) Rotational motor 

The Debye-Sherrer configuration of our set up allows for rotation of the sample. The sample 

rotation has been seen to be critical for increasing the statistics and for successful structural 

modeling (Ermrich et al., 1997; Clausen et al., 1991). The rotating CC motor and sample 

holder shafts are magnetically coupled outside the main structure, and the capillary can rotate 

from 0 to 90 degrees (slower or faster) without any degradation of the sample atmosphere. 

3.5) Image plate (IP) 

Concerning the detector, what is required is an efficient, stable, system with reproducible 

behaviour, with as small a detector element as possible, consistent with adequate dynamic 

range. These characteristics are offered by modern image-plates (Bushnell et al., 1995). For 

this purpose,  as has been implemented in other similar systems (Eu et al., 2009; Cai et al., 

2008; Schreuer et al., 1996; Chupas et al., 2001; Margulies et al. 1999), a photostimulated 

luminescence screen IP acts as a detector (Harrison, 1991; Ermrich et al., 1997).  

The IP (Fujifilm BAS-IP SR 2025) records a latent x-ray image with a photo-stimulable 

phosphor. It can be read out on a scanner (Fujifilm FLA-7000) to give a digitised image of x-

ray intensities. The IP offers the advantage of two dimensional coverage of reciprocal space 

and high sensitivity (Cookson and Garrett, 1997). The film holder is mounted on a 

horizontally-translating track just beyond the exit slits and stuck on a curved magnetic holder 

(it will be also described in Chapter 6, in Figure 6.5). 

Successive XRD patterns are collected on the same film through an automated translation of 

the film in the capillary-direction. Optimal exposure time must be evaluated after observing 

several test patterns. During long acquisitions, the image plate is protected from stray ambient 

light with a blackout fabric cover. 

The film is fixed up in such a way that a 19 cm length is available to be exposed, 

corresponding to a maximum of 40 discrete patterns. Since the plate is normally only 

advanced in one direction, the correlation between the time scale and the scans is therefore 

evident, while, if unwanted, the gap left between successive patterns can be removed during 

the analysis. Images can then be processed and analyzed with commercial and free softwares.  

He system is also capable of collecting both discrete and continuous patterns. In Figure 3.16 

the patterns, from the top to the bottom, are a first (300 s) acquisition at room temperature, 

than a ramp to 250 ºC, a 14400 s long acquisition at 250 ºC, a 50 ºC exposure and finally a 

25ºC exposure.  



 38 

 

Figure 3.16: Continuous acquisition: Co sample (28 nm) in N2:O2 4:1 atmosphere. 

 

Data analysis is in progress; it will clearly provide evidence for oxide formation, and a careful 

analysis (combined with TEM) should indicate the formation of hollow particles through the 

nanoscale Kirkendall effect (Railsbak et al., 2010; Yin et al., 2008). 

The image plate holder can be manually repositioned in order to capture the most relevant 

diffraction region. A cylindrical pinhole has been added to cut “high” angle peaks due to the 

kapton window at the entrance of the beam, as shown in Figure 3.17.  

 

Figure 3.17: Kapton peaks before and after using the pin hole ("=1.3Å, E=9.359keV). 
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Chapter 4 - Controls and automation 
 
Control of the beamline front end is handled through locally-developed Python software 

(http://www.python.org/). Selection of the X-ray energy and actuation of the beamstoppers 

are accomplished with this system.  

Nevertheless, a LabView (National Instruments) program has been developed to provide an 

independent interface between the various instruments and the user, allowing simple control 

of multiple devices through a common interface (Figure 4.1). GPIB interface card handles the 

communication with a Huber motor controller. The software enables not only the control of 

temperature-ramps but also of the plate progress and shutter mechanisms. In order to obtain a  

precise control of experiments the collection of diffraction patterns (according to parameters 

specified by the user) is completely automated and allows to perform “in situ” experiments.  

The function of the software is to control the temperature of the oven and to automate (plate 

advance and shutter mechanisms) the collection of diffraction patterns according to 

parameters specified by the user, allowing for precise control of experiments.  

 

 

Figure 4.1: Principal components of the control system. 

 

Table automation for small displacements is independent from the Labview program, but the 

program does monitor the ionization chamber counts.  



 42 

The PC is connected via GPIB to a Huber single motor controller to handle plate advance and 

shutter control, so that several patterns can be acquired after moving the plate to a specific 

position and opening the shutter only when needed. 

The software offloads the temperature control algorithm to a proportional–integral–derivative 

controller (PID, Omega iSeries) interfaced to the power supply for the oven (Delta 

Electronika SM 300 – 10 D). In this way, the user can specify variables, such as the ramp 

time, which are not well-supported by the PID.  

 

 
Figure 4.2: Labview interface with the oven: the Monitor tab. 

 
The program generates a log file for every experiment, keeping track of relevant parameters 

for the experiment, such as the temperature, heating power, and beam variables during each 

pattern acquisition (in this way data can be normalized or better understood in the post-

acquisition analysis). Also ionization chambers counts are recorded in the log file during the 

acquisition. 

The software comprises a user-friendly interface  that separates the user inputs from the real-

time monitoring and logging by using tabs. Some screen shots in Figure 4.2, 4.3 and 4.4 

depict how the user interface looks like for a typical user. Experimental parameters are 
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defined in the “User Parameters” tab (Figure 4.3), experimental conditions are monitored in 

the “Monitor” tab (Figure 4.2), and the log file is echoed in the “Data File Output” tab. It is 

also possible to control the Image Plate (IP) holder and the shutter independently, in the “Test 

Operation” tab (Figure 4.4).  

For each pattern to be acquired, the software allows the user to specify both the oven 

temperature set point and the time to reach that temperature (Ramp time).  

 

 
Figure 4.3: Labview interface with the oven: the User Parameters tab. 

 
Pauses of arbitrary length can be inserted before or after the temperature ramp, and can be 

useful to ensure temperature equilibration. Temperature equilibration can be further achieved 

by implementing a small value for the Temperature Tolerance, which determines the 

temperature range over which the pattern can be acquired. The can also set the length of 

signal acquisition (exposure time) and the increment of image-advance-distance after each 

pattern acquired. 

The software has been recently upgraded to perform continuous acquisitions: a slow 

displacement of the Image Plate (IP) with the shutter open allows the real-time observation of 
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sample changes while the temperature is ramping, as an example, or when not standard 

environment conditions are kept for a longer time. All of these inputs are echoed to the log 

file. A new log file is automatically generated each time the software is run, and is stored 

regardless of how the program terminates. The experiment can be monitored using the tab 

“Monitor”. Whenever the program is running, the temperature, heating power (including 

individual measurements of current and voltage), and beam parameters are displayed in this 

tab.  It also contains a kill switch, which instantly stops acquisition and terminates heating. 

 

 

Figure 4.4: Labview interface with the oven: the Test Operation tab. 
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Chapter 5 - Peaks broadening 
 

The diffraction line profile is the result of convolution of many independent factors (Snider). 

The “intrinsic profile” was initially studied by Sherrer, who pointed out that the smaller the 

particles, the broader the peaks are expected to be (Mittemeijer et al., 2008). As crystallite size 

changes, the integral breadth of the profile would also change according the law: 

K " / D cos# = (size 

where D indicates the crystallite size, K is the Sherrer Factor (a constant typically close to 

unity that ranges from 0.8 and 1.39) and " is the wavelength of the incident X-Ray beam. 

Stress and strain also affect the specimen profile. Stokes and Wilson (Mittemeijer et al., 

2008). found that the weighted average strain, ), can be described by the relation ((strain is the 

integral breadth of a reflection located at 2#) 

4 ) tg# = (strain. 
 
Also alloying and compositional inhomogeneities are possible sources of broadening (Snider).  

The Williamson and Hall analysis (Hermann et al., 2009; Singh; Williamson and Hall, 1953) 

allows the separation of the size and strain effects (because they show a different 

# dependence) by combining the expressions for size broadening (Scherrer) and the strain 

broadening (Stokes and Wilson). For Lorentzian fits the relation between the two 

contributions of size and strain, and the observed broadening (observed is 

(observed - (instrumental = (strain + (size 

where also the instrumental broadening (instrumental is taken into account. For Gaussian fits it 

becomes 

(2observed - (2instrumental = (2strain + (2size  
 
Because larger particles result in sharper peaks, overall resolution is related to the upper limit 

for the dimension of the particles that can be observed. In order to separate the size and strain 

effect, a plot can be made according to : 
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                                                         y = ((observed - (instrumental) cos #; 
                                                         x = 4 sin #; 
 

which has a linear behaviour, with an intercept equal to " / D, and a slope equal to ). 

The instrumental broadening (instrumental has been measured by performing the following 

analysis. 

5.1) Higher limit to the particle dimensions 

Because of the small dimensions of the experimental station, there are not slits or analyzer 

crystal to select the diffracted beam between the sample and the IP. Vacuum is maintained 

during acquisitions to reduce air scattering. 

As a consequence, the use of thin capillaries for sample loading results in a smaller amount of 

diffracting sample, which corresponds to better localization of the diffracted beams.  

To show how the resolution is related to the capillary dimension, a silicon powder (NIST-

640c) sample was analyzed, in three capillaries of different diameters: 1 mm, 0.5 mm and 0.3 

mm. The entry slits were set at 0.25mm x 2mm. The acquisitions were performed at 10 keV. 

Nine peaks were selected (from (220) to (531)) and fitted with Lorentzian functions. The 

silicon median particle size is 4.9µm (from the data sheet). Because of the large dimension, 

size effects should be negligeable, so it is possible to visualize how the broadening is only 

related to the capillary size. 

We performed the analysis by initially looking at single peaks behaviour, to avoid confusion 

due to the natural broadening of the high angle peaks.  

 

 
Figure 5.1: Relation between FWHM and capillary size for nine peaks. 
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The Figure 5.1 highlights the systematic effect due to the capillary dimension, while globally 

the Full With at Half Maximum (FWHM) is quite constant for each capillary diameter at 

different angles according to the following equation: 

2 sin#/" = (h2+k2+l2) 1/2/a. 

 

In Figure 5.2, the average FWHM is considered and the error bars are the standard deviations.  

 

 
Figure 5.2: Average FWHM measured for Silicon patterns acquired with three capillary diameters. 

  
If the Sherrer formula (Patterson, 1939) is applied to the (111) Si peak, the particle size at 

which particle broadening effects will become measurable is given in Table 5.1:  

 
Table 5.1: Relation between capillary size, average FWHM and particle size from Sherrer analysis  

Capillary diameter (mm) FWHM (2#) extimated 
particle size (µm) 

1 0.32º (0.04) 0.042 (0.006) 
0.5 0.17º (0.03) 0.08 (0.02) 
0.3 0.12º (0.02) 0.11(0.02) 

 

The maximum size is measured using the sharpest peak, which is obtained with the 0.3 mm 

capillary. As the capillary diameter is the only variable, the broadening can be considered as 

an intrinsic property of the system. This rough analysis indicates that with 0.3mm capillary 

(that is the thinnest capillary usually used, since smaller capillaries can be very hard to be 

filled and the signal obtained is often too low) we cannot produce peaks sharper than 0.11 

degrees. The intrinsic broadening due to the capillaries means that we only measure a size 

effect for particles smaller than 90 (40) nm using the 0.3 (1.0) mm capillary. 
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5.2) Lower limit to the particle dimensions 

Particles with smaller dimensions can be difficult to analyze, due to the low of the diffracted 

beam. In Figure 5.3 are shown four patterns acquired with a palladium sample are presented 

as an example. The manufacturer-specified size is 6nm, but Sherrer analysis of the first peak 

suggests a dimension lower than 2nm (shape factor: 0.9). Peak overlapping hampers the 

analysis of different contributions, and the peak locations cannot be easily estimated. In cases 

like this, it’s possible to change exposure time as to use thicker capillary. 

 

 

Figure 5.3: Pd sample, 1mm capillary, exposure times: from 1m to 4m (10keV , 1.24Å). 

5.3) Observations 

Before starting acquisitions, some preliminary tests should be done to optimize the 

performance of the experimental station. 

 
 

Figure 5.4: Peak shape due to a different path of the diffracted beam outside a 1mm capillary – slits 
aperture: 0.3mm x 0.3mm, smaller than the capillary. 
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Firstly, the choice of capillary diameter must be taken into account by evaluating the 

advantages of higher counts versus problems related to absorption, resolution, and peak 

deformation due to sample inhomogeneities.  

 

 
Figure 5.5: Inhomogeneous sample in a 1mm capillary. 

 
Figure 5.4 to 5.6 show typical peaks obtained in inaccurate experimental conditions. As an 

example (Figure 5.4), if the slits aperture is not properly selected, the diffracted beam from a 

big capillary, that is the sum of many diffracted beams, presents a peculiar shape due to the 

different absorption caused by the different paths for the diffracted beams. 

Figure 5.5 shows the peak shape due to the presence of a too small number of sample crystals 

oriented to give a high intensity.  

This effect cannot be compensated by anything, because the beam is too parallel. In Figure 

5.6, the effect of a reasonable or too long exposure time, that result in an overexposed film. 

Optimal exposure must be evaluated in relation with absorption, so a preliminary check must 

be done. 

 
Figure 5.6: Exposure time effect: saturation occurs when the IP is exposed for a long time.  
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5.4) Imaging Plates (IP)  

In situations where complete powder patterns are required in shorter time, imaging plates are 

an excellent detection system. 

Nevertheless, because they are sensitive to a wide range of energies, fluorescence x-rays can 

also be collected. This happens when measurements are made of samples at energies close to 

the K-edge of a constituent element: in this case anomalous absorption can reduce the 

scattered signal and fluorescence contaminates the pattern with an incoherent background. For 

this reason, it is better to choose as incident energy a value below the absorption edge of the 

examined element.  

(Cookson and Garrett, 1997). 

Collecting data on a curved sheet is a way to remove the distortion of the diffraction pattern. 

And allows a good angular resolution for peaks diffracted at higher angles. Perhaps more 

importantly, it will allow the detector to collect a complete set of data in one positioning of 

the screen. (Bushnell-Wye et al. 1995) 
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Chapter 6 - Test of the camera  
 

The calibration concerning the Radius of Curvature, R, in different positions of the Image 

Plate (IP) holder is a fundamental valuation to ensure a good estimation of peaks position. 

This test was carried out by collecting eighteen patterns form a silicon standard sample (NIST 

Si 640c) regularly spaced along an IP. The acquisitions have been done shifting the IP of 1 cm 

after each exposure. The selected beam energy was 15 keV. 

The graph in Figure 6.1 shows twentyfour peaks (with the natural unit in pixels of the 

abscissa) of the representative patterns collected at 3, 8, 13 and 18 cm from the IP edge.  

The patterns were fitted with Lorentzian peaks and the silicon spectrum was simulated in 

order to determine the peak positions in units of 2#.  

If "pix" is the position in pixel units and "2#*" indicates the starting angle of the patterns, the 

linear relation between the scattering angle 2# and the variable “pix” is:  

1)                                                     2# = m * pix + 2#*. 

 
Figure 6.1: Four silicon patterns, selected between eighteen acquisitions on a single IP. The chosen 
resolution for the scanned image is 25µm, so the dimensions of the scanned IP are 10000x8000 pixel. Only 
the range between the pixel 1900 and 7500 is shown. Among all the patterns, those acquired at the 
indicated plate positions (3, 8, 13, 18 cm) are reported.  
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The position of the IP on the holder or on the scanner determines the intercept value, so it can 

vary from one acquisition to the next. 

It can be refined analyzing the XRD patterns (for example by Rietveld analysis).  

On the other hand, the slope in equation (1) is related to the radius of curvature of the IP 

holder (Figure 6.2) and must be constant in different fits. Finding its value with a standard 

material is an easy way to calibrate the camera. 

 
 
 
 
 
 
 
 
 

Figure 6.2: Main chamber section. The bolded arc L represents the IP holder.  The IP is held sufficiently 
close to the chamber surface so that the radius R can be (approximately) considered the same as the 
chamber one. 

 
In the simple case of a cubic structure, peaks position (in 2#) and Miller (h k l) indices are 

related by: 

     2)     (h2+k2+l2)1/2/ aSi = 2*sin(#)/" 

 
which takes into account the peak position, the wavelength, ", of the incident beam and the 

lattice constant, aSi (aSi= ( 5.4311946 ± 0.00000092 ) nm from the datasheet) (Ashcroft).  

By combining the equations 1 and 2, the following relation is obtained: 

  
     3)   pix = (2/m) asin[" (h2+k2+l2)1/2/ (2 a)] – (2#*/m) 
 
that allows the refinement (Figure 6.3) of the parameters 2#*, " and m, by fitting the positions 

"pix" of the (h k l) silicon peaks. 

This procedure allows the refining of " only for short wavelengths (i.e. high beam energies) 

when a lot of peaks are available for the fit. Even if the value of “m” is related to the 

geometry of the IP holder and it is independent of the beam energy, the parameters m and " 

are (strongly) correlated. This is because of their effect in the equation 1) : for a fixed energy 

of the incident X-ray beam, in the conversion from pixel to 2# range, a smaller m value 

results from an lower angular distance between peaks. In the same way, if m does not vary, 

changing the wavelength has the same effect on peaks spacing.   
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Since the parameter m is independent of the beam energy and it is only related to the radius of 

curvature of the IP holder, it can be first estimated at high energy. 

The m value depends on the resolution chosen for the scan, and it is related to the IP 

thickness: for this reason, it must be recalculated when a new IP is used or a different scan 

resolution is selected.  

 

 
Figure 6.3: Non linear curve fit performed for one silicon pattern. 

 
To verify that the IP holder (Figure 6.4) has the correct geometry (i.e., constant radius of 

curvature), we estimated the m value acquiring many patterns in several positions of the IP. 

Finally, Figure 6.6 shows the obtained refined parameters values. We effectively found, at the 

energy of 15keV, the m value 0.013726 (5E-6) degrees/pix. This value has been fixed for all 

the subsequent fits performed. Error bars on " and m are hidden by the symbols in the plots.  

 

Figure 6.4: Photograph of the IP holder and the main chamber. The IP holder is on the right. The black 
sheet is a magnetic support for the IP. The curved shape follows the cylinder of the oven (G.Z.). 
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As a check of the calculations (using the notation in Figure 6.2), the image range is the arc L 

that, expressed in pixel units, results in an integer number of pixels ”D” as follows: 

L = R  2#   ! / 180 = D * (pixel dimension).   

D is the range dimension chosen for to scan the image (resolution). It can be written that 

2# = L * 180 / R * ! 

so that in equation 1 we can substitute 2#* / pix = m  

m = 180 * D / ! * R  

and   

R / D = 180 / m ! . 

Finally, using the fit value for m, we obtained for the radius of the chamber, R=10.4 cm, as it 

effectively is (see Figure 6.5). 
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Figure 6.5: m (average: 0.013726 ± 5E-6 degrees/pix) and "  (average:  0.82623 ± 1.2E-4 Å) values found 
fitting Si patterns collected in different positions of an IP. 
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Chapter 7 – Silver, Alumina, Platinum 
 

7.1) Silver 

A commercial (Sigma Aldrich, 99.5% metals basis) silver sample has been analyzed to 

evaluate the effect of the parameter settings. The declared particle size is smaller than 100 nm. 

The Sherrer (Patterson, 1939) analysis of the first peak gives a size of 56nm. 

The sample (0.5 mm capillary, acquisition time 180 s) was heated to 800 ºC; no temperature 

stabilization was specified, but only the temperature tolerance was set to 5 ºC.  

 
 

  
Figure 7.1: Linear fit for annealing and cooling silver nanoparticles.  

 
As expected for nanoparticles (Dubiel et al., 2001), the thermal expansion has a linear 

behaviour. The first 600 ºC was reached in 3000 s, and every 150 s a measure was done at 

temperature increments of 25 ºC. The decreasing ramp was not reliable: in this case more than 

10 ºC had to be assigned as error on measured temperature, instead of 0.1ºC for temperatures 

during the annelaing experiment.  

We expected to observe the sample melting, because 960.85 ºC is the value reported 

(Ashcroft) for bulk material and a lower value is expected for smaller particles (Depero et al., 

2003). Melting was not observed, as the peaks have been present during the whole ramp 

(Figure 7.2).  

Uncertainty in the real sample temperature could be a reason because the data concerning the 

cooling ramp are not linear as the annealing one (Figure 7.1). As a consequence of these 
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observations, before all subsequent acquisitions a reasonable waiting time has been imposed. 

In the Chapter 8 it will be explained how this waiting time has been chosen. 

 

 
Figure 7.2: On the left, the Ag (111) peak position as a function of the IP position. On the right, a detail of 
the high temperature ramps. 

 

7.2) Alumina 

Structural changes due to temperature have been studied by looking at an alumina sample. We 

found the shift of alumina peaks, in a heating cycle. For this purpose, an %-Alumina sample, 

known with the mineral name corundum, has been used.  

Alumina is a well known structure (Kirfel et al. 1990), because of its many employments 

(Boumaza et al., 2009), it’s cheap and easy to produce. XRD gives similar patterns for 

various alumina phases that appear during the annealing, that in principle can make the 

pattern interpretation difficult. Hence we chose to work with %-alumina, the most stable 

between the alumina phases.  

Alumina adopts a trigonal Bravais lattice with a space group of R-3c (number 167 in the 

International Tables) and the PDF Number is 46-1212. 

The primitive cell contains two formula units of aluminium oxide. Every oxygen atom is 

bonded with four aluminum atoms, while every aluminum atom is bonded with six oxygens. 

The O2- ions form a hexagonal close-packed structure and Al3- ions fill two-thirds of the 

octahedral interstices.  

A 0.3mm capillary was used, at the selected x-ray beam wavelength of 1.3 Å. Lorentzian fits 

have been done for the first 44 selected peaks, from (0 1 2) to (0 2 16). Figure 7.3 shows the 

relation between hk, l and the peak position in the pixel range, while in Figure 7.5 is the 

simulated pattern (simulation gas been performed with the software POWDER CELL, Kraus 
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et al. 1996 ) that has been used to associate peaks and Miller indices. Some very weak and/or 

unresolved peaks have been removed from the analysis. In hexagonal lattice (Boumaza et al., 

2009) parameters ac and cc are related to the Miller indices by  simple crystallografic relations 

(Giacovazzo): 

 
 

where d is the spacing between the lattice planes and h, k and l are the Miller indices of the 

peaks. 

The peaks position in pixel units can be written as a simple function of h, k and l, depending 

on the refinable parameters m, q, ac and cc:  

pixel = [360/(! m)] asin [ ("/2) ((4(h2 + hk + k2)/(3 ac
2))+(l2/cc

2))1/2 ] - q/m. 

 

 

Figure 7.3 Forty-four %-Al2O3 peaks positions (pixel range) vs “Miller index”. Room temperature 
acquisition at E=9.539keV. 

 
 
As discussed in Chapter 6, m value has been fixed to the refined value. 

Data were obtained heating the sample to 1000 ºC. Ramps of 10 ºC/min were chosen to 

anneal the sample. acquisitions of 180 s have been done every 100 ºC during the heating ramp 

and every 200 ºC in the cooling ramp. A waiting time of 600 s has been waited before every 

acquisition, and 5ºC have been imposed for the temperature tolerance.   
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Figure 7.4 Alumina ac and cc lattice parameters vs temperature. Data are compared with Ball data; Catti 
theoretical values and experimental references are also reported. 

 
 
Our data (Figure 7.4) are in agreement with experimental data reported by Ball (Ball, 2006). 

The results also agree with theoretical expected values and their experimental reference by 

Catti (Catti et al., 1998). 

 
 

 

Figure 7.5: %-Al2O3 sample: comparison between the room temperature pattern, collected before the 
heating/cooling cycle, and the expected pattern. Only the range 20º-100º degrees is shown to better 
illustrate the comparison. The simulation has been done with the software POWDER CELL to find 
reference peak positions and indexing. 

 

7.3) Platinum 

As a reference, a platinum powder (LS313891- GoodFellow SDS006021/2) sample has been 

used to calibrate the thermocouple and monitor the oven behaviour in the sample region 

impinged by the beam.  
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Platinum powder is often used as a reference material via the thermal expansion of its lattice 

parameter (Siah et al., 2005; Edwards et al., 1951; Kirby, 1991). To experimentally determine 

the sample temperature directly from the XRD data, we analysed the lattice parameter 

expansion, comparing our data with that existing in the literature (Kirby, 1991).  

The selected beam energy was E=9.539keV ("=1.3Å). To maximize the resolution and reduce 

absorption effects (that’s one of the main problems in the Debye-Sherrer geometry), a 0.3mm 

capillary was filled with a powder mixture of platinum and carbon black. Carbon black is 

used because of its low absorbance and its amorphous structure (so no new peaks are added to 

the Pt pattern). It has a low atomic number and does not react with platinum because it is 

chemically stable even at higher temperatures. Oxide formation at high temperatures is also 

minimized in the reducing environment that carbon black creates. 

The temperature range explored was from room temperature to 1000!C, acquiring every 

100!C upon heating, and every 100!C upon cooling to RT. When heating, the chosen ramp 

time was 10ºC/min, with a waiting time of 900s to allow temperature stabilization. Cooling 

the sample, 10!C/min minute ramps were used, and again 900s as stabilization time. 

Observing several test patterns, the exposure time of 15s was estimated as the optimal one to 

maximize the counting rate without overexposing the IP.  

The sample was pre-annealed (1000!C) to remove dislocations, oxides and defects that could 

contribute to the peak shape and lead to incorrect peak assignments. Also, this minimize the 

possible sample displacements during the experiments. 

To find the position of the eleven peaks, Lorentzian fits have been preformed in all the 

patterns, yielding the positions and associated standard deviations, namely  

pp±+pp. 

 

The peaks are easily associated with their Miller indices (simulation with the software 

POWDER CELL has been performed for this scope), so for every temperature-related-pattern 

a plot as Figure 7.6 can be drawn that correlates them. 

In analogy with the analysis made for silicon in the Chapter 6, fitting these functions allowed 

us to obtain, for every temperature, the best values for the slope and the intercept (M and Q in 

Figure 7.6) of the conversion from pixel to 2# range.   

It is possible to estimate the lattice parameter aPt(T) at the temperature T, as the ratio  

 

L(T) = " / aPt(T), 
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where " is the wavelenght of the incident beam. L(T) is directly related to the lattice 

parameter (because " is well known) and can be calculated in order to obtain the normalized 

expansion coefficient, defined as: 

x = [L(T)-L(rt)] / L(rt) = ,L / L(rt) . 

 

 
Figure 7.6: Parameter determination in the fit of the relation between peaks position and “Miller Index” . 

We have chosen to work with this quantity because its value is not affected by error on the 

evaluation of the wavelength. In the definition of x, L(rt) is the value at room temperature, 

while L(T) is given by the fit as its standard deviation +L. 

 

 
Figure 7.7: Relative expansion of the lattice parameter for Pt sample acquired at several temperatures, 
annealing and cooling, compared with literature data 

 
The variance on x, can be estimated as follows:  
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+2X = ( +L(T) !x/!L(T))2 + (+L(rt) !x/!L(rt))2 = [ +L(T) / L(rt) ]2 + [ - L(T) +L(rt) / L2(rt) ]2. 

 

Both cooling and heating data sets agree each other, and they also agree with Kirby data. In 

Figure 7.7 are our data compared with Kirby measurements. The agreement between our data 

and the Kirby measurements is very good.  

Moreover, as always shown in Figure 7.7, the comparison of data collected in the heating and 

cooling ramps indicates a perfect reproducibility of the temperature, as also confirmed by the 

peaks positions shown in Figure 7.8.  

 

 
Figure 7.8: One peak shift during annealing and cooling ramp. The peak position is the same for the same 
temperature, in both annealing and cooling ramp. 
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Chapter 8 – Thermal behaviour 
 

In designing the heating element, considerations must be made concerning heat transfer 

material properties. 

8.1) The Kanthal heating element 

As mentioned before, the heating element consists of a cilyndrical hollowed ceramic support 

with a wrapped kanthal filament.  

Kanthal is an alloy (FeCrAl, also Mn, Si and C in percentages between 0.08% and 0.7% 

appear) that is able to reach high temperatures (1500oC melting point). Some properties of our 

Kanthal filament are listed in Table 8.1.  

 

Table 8.1: Some wire properties from the data sheet of the product. 

 
Emissivity 0.7 
Thermal conductivity(50°C - 1200°C) 11-27 W K-1m-1 
Length 1.5 m 
Diameter 0.425 mm 
Electrical resistivity at 20°C   1.35 & mm2 m-1 

 
 

The wire is first heated in air: this procedure results in a oxidation layer that protects the wire 

during the successive annealing in vacuum (10-3 bar).  

As a matter of fact, our observations suggest that the pre-annealing elongate the lifetime of 

the filament, making it less fragile and preventing for rapidly breaking. In Figure 8.1 it is 

shown the comparison between a new wire and an oxidized and broken one. 

Kanthal’s resistance variation with temperature is very low: the temperature factor of 

resistivity increases from 1.00 to 1.08 passing from 100oC to 1300oC (from the manufacturer 

specifications).To study the resistance behaviour, we manually changed voltage and measured 

corresponding values of current and temperature.  

Even if, at high temperatures, the resistance is expected to increase linearly, the resistivity 

follows a power law function at low temperatures.  
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As can be seen in Figure 8.2, the Kanthal wire shows a non perfect linear behaviour in this 

range, according to our experimental data that properly agree with the manufacturer 

specifications, that are shown in Figure 8.3.  

 

8.2) Radiation and conduction 

Heat flux analysis has been carried out in the direction of cylinder axis. We simplify the 

model assuming thermal equilibrium and stationary conditions, that are the conditions under 

wich the oven usually operates, so that no flux in the radial direction is present. 

Heat transfer occurs via radiation (outside the ceramic support) and conduction (in the 

ceramic support and lateral supports, as in Figure 8.4), while convection can be essentially 

neglected since the system operates in vacuum (Rohsenow). 

   

 
 

Figure 8.1: Magnification of a new (left) and oxidized (right) filaments (M.G.). 
 
In studying transient state a cylindrical symmetry is assumed for the radial heat flux from the 

ceramic support external surface, where the kanthal wire is wrapped.  

  
Figure 8.2: Resistance values calculated from voltage and current measures after 15 minutes of 
temperature stabilization. 
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Then, in the steady-state, heat flux occurs in the axial direction inside the ceramic support and 

in the radial direction outside. A schematic representation of the heat fluxes is shown in 

Figure 8.5 and 8.6, where the nomenclature is also indicated.  
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Figure 8.1: The temperature factor of resistivity is given by the manufacturer datasheet for several 
temperatures. The plot report data for the same range of temperatures that we examined. 

 

Heat flow is from the Kanthal wrapping to the ceramic, passing through the vacuum, to reach 

the capillary. The ceramic support is also covered by an alumina shell that fix the wires to the 

tube and avoids their displacements.  

Radiation from the external ceramic surface to the environment (the vacuum chamber wall 

held at room temperature, Ta ) is the most important contribution to heat loss.  

 
 

 
 

Figure 8.4: Oven: ceramic support and lateral supports. 
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Figure 8.5: Schematic section view of the ceramic heating element and heat transfer fluxes through it. The 
scale is not realistic, and only represents the principal quantities. Yellow parts are ceramic support, while 
gray circle describes the vacuum inner hole. The light circle depicts the wrapping wire. 
 
The order of magnitude for the radiation contribution, at 1000ºC can be estimated as follows: 

-ext=(5.67 10-8W/m2 K4) (0.3) 2! (5.5 10-3 m) (56 10-3 m) (12734- 2984 ) K4~115W. 

In the ceramic support, in non stationary conditions, heat flux conducted from the external 

surface to the inner one (witch has a radius ri and temperature Ti) is described by the 

conduction law 

-int=k all 2!L(Te- Ti)/ln(re/ri), 

where L indicates the wrapped support length and k all is the ceramic thermal conductivity. 

Alumina is not a good insulator: a reasonable kall value is 25W/mK. (MPDB data base) 

 

 
 

Figure 8.6: Axial view - heat distribution. 
 

Before the stabilization of temperature is reached, heat radiation from the inner ceramic 

cylinder surface to the sample is described by the following radiation equation: 

-vac=+ )all 2! ri  L (Ti
4- Tc

4), 

 

where Tc indicates the sample temperature.  
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Because of the Gauss law, -int=-vac while in thermal equilibrium no flux is present. We also 

expect they’re small in the thermal balance, because of the small dimensions of the system.  

The total flux is described by -int+-ext=-vac +-ext.  

We can approximate the axial region as isothermic, considering the thermal balance. For this 

reason the conduction contribution cannot be so easily calculated: in equilibrium conditions, 

the axial flux must take into account the heat transfer with the Macor supports and outgoing 

versus the copper disc. 

Both conductive and radiative terms contribute to heat waste, but at high temperatures the 

radiation term is expected to dominate respect to the conduction one. 

8.3) Thermal time constant 

The oven’s geometry is the one that allows the sample to reach a uniform temperature. 

Moreover, to perfom reliable measurements, it’s necessary to leave the sample a reasonable 

time to reach the thermal equilibrium before starting the acquisitions. We estimated it as 3 ., 

after evaluating the time constatnt . at  500ºC. Contributions to the total energy of the system 

are due to both radiation and conduction, and to an “inertial” contribution as well. At low 

temperature only the radial conduction term and the inertial one are not negligible. But, in at 

least in first approximation, also at high temperature the radiation term doesn’t change the 

order of magnitude of the estimated time constant. In our simplified model the heat flux - 

from the support to the sample is proportional to the difference between the temperature of the 

sample/environment (the probe thermocouple) in a given time T(t) and the constant Kanthal 

wire temperaure TK is:  

- = h S (T(t)-TK) 

where S is the surface area and h indicates the heat transfer coefficient. If ' is the density, cp 

indicates the specific heat and V is the sample volume, the heat transfer leads to a variation in 

temperature of the sample itself given by: 

/cpV(dT/dt)=-- 

so it follows that:  

/cpV(dT/dt)=- hS(T(t)-TK) . 
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The “time constant” can be defined as: 

. = /cpV/ hS , 

to simplify the notation. 
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Figure 8.7: Temperature increasing as a time function. 
 

So the equation can be re-written as: 

(dT/dt) +(T/.) = TK /. 

and, by using the variable #T = (T ( TS),  

(d ,T/dt) + (,T/.) = 0 

Finally, the solution #T(t) is: 

,T(t)=,Toe-t/
. 

where #To is the initial difference between the temperature of the thermocouple (or the 

sample) and the environmental one at the initial time t=0.  

The time constant determines the exponentially slow rate which with the sample reaches the 

support’s temperature (Moran).  

We made a test measurement heating to 500ºC at 65W, with collection of temperature values 

every 5s. Figure 8.7 shows the data acquired, while in Figure 8.8 the exponential fit of 

,T/,To gives the value . = 322s. As a consequence of this, we chose to wait 3 . = 900s 

before every acquisition. 
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Figure 8.8: Exponential fit to determine the time constant at 500ºC. 

 

8.4) Temperature uniformity along oven axis and gradients 

The two ovens have been designed to optimize heating uniformity, by minimizing 

temperature gradients that can affect results. Since the fixed K-type thermocouple measures 

the temperature several millimeters away from the capillary tip and from the region impinged 

upon by the beam, it’s important to assess the temperature homogeneity through the oven.  

Contradictory data can be extrapolated from delicate experiments where the behaviour of the 

whole sample must be considered and not only a local part of it. As an example, in catalysis 

experiments the temperature of a gas flowing through the sample must not change the sample 

temperature. A tubular geometry can better guarantee it. 

Considering the thermal balance we can approximate that the inner part of the oven is 

isothermal, because of the small dimension of the whole system. So -int is the smaller part of 

the global flux, in particular at high temperature.  

To better evaluate gradients in the axial direction we examined the heat flux by using two 

thermocouples. The first one is fixed and is used by the PID for the temperature control. PID 

is used to reach and stabilize the temperature. The second thermocouple was positioned in the 

capillary holder and moved along the cylinder axis (that is also the capillary/rotation axis) in 

five positions as is schematically represented in Figure 8.9. 

Position 0 cm is the gap region. The tested positions were -2, -1, 0, +1, +2 cm. Each 

temperature acquisition lasted 1800s. 
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Five temperatures were chosen as PID set points to test the system: 25oC, 250 oC, 500 oC, 750 

oC, 1000 oC, to cover all the furnace range and to examine both conduction and radiation 

regions. The ramp was 0.2 oC/s.  

 

 
Figure 8.9: Ceramic support with, on the left, the fixed thermocouple connected to the PID and, on the 
right, the five longitudinal positions chosen for the flexible thermocouple, with different colours. 

 
 

The flexible thermocouple data are shown in Figure 8.10. For both the ovens, the behaviour 

along the axis is quite constant. For every chosen set point, the thermocouple lower measure 

is always near the water cooled copper plate. In the same way, the higher one is placed at the 

other side of the support: as a matter of fact, in this case the thermocouple position is on a 

region where the filament wrapping is at the end and, also, there is still a not wrapped ceramic 

space, as a Macor support before the vacuum. This may be explained by the fact that on this 

side the alumina cilinder is longer (although not wrapped) witch may increase the heat flux 

arriving on the thermocouple. 

The gap in the middle of the ceramic support is a cold point and thus its behaviour is assumed 

to give rise to a “cavity” that irradiates the heat coming from the two sides of the cylinder. 

This effect results in a little bit lower local temperature, at least when the radiative regime 

dominates. Also, because of the asymmtric system geometry, this point receives less heat 

radiation form the surroundings.   

We evaluated axial temperature gradients and concluded that the temperature difference is 

acceptable within the experimental requirements. Figure 8.11 shows the behaviour of the two 

ovens.  

Positive values of the gradients indicate a heat flux from the left side of the support axis to the 

right one and vice versa for negative gradients. “Right side” is defined as the one where the 

copper disc is. 

In the left side of the support, heat flux always goes in the direction of the gap. This happens 

because of the insulation system, which is the Macor support and a 2cm long portion of the 

alumina that is not wrapped. This is particularly evident at higher temperatures, where 

radiation dominates. The difference between the gradients has a quite linear behaviour near 

the copper disc, where both conduction and radiation lead the flux at the same side. At every 

point of the axis the two contributions are present, even if they are different.  
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Figure 8.10: Temperature measurements in five axial positions for the two ovens. The 0cm position is the 
centre of the gap. 

 

At the right side of the support, two behaviours are present: near the gap, the heat flux goes 

toward the gap for high set points. At the right most side the radiation contribution dominates 

and makes the flux go in the direction of the cooled copper disc for every set point. For 

different setpoints, heat fluxes are higher for higher T, where they’re due to radiation. For 

every position, the difference between the gradient values is due to the percentage of 

radiation/conduction components. 

 



 74 

SPIRAL OVEN

-50.0

0.0

50.0

100.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

position (cm)

G
ra

d(
T

) (
 _

C/c
m

)

25 _C 250 _C 500 _C 750 _C 1000 _C

ZIGZAG OVEN

-50.0

0.0

50.0

100.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

position (cm)

G
ra

d
(T

) 
( 

_
C/
cm

)

25 _C 250 _C 500 _C 750 _C 1000 _C
 

Figure 8.11: Grad(T) as a function of the position in the ceramic support axis for the two ovens. 0cm is the 
position of the gap center, which is where the beams collides the sample point. Positive gradients indicate 
a heat flux from the left to the right (that is closest the copper disc). 

 

8.5) Input power measurements 

We can estimate the radiation and conduction contributions and their sum. For each set point 

(T) the voltage and current have been acquired. The power W(T) plots have than been fitted 

with the function  

W(T) = a (T-To) + b (T4- To
4) 
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Then the best fit values for the a and b parameters have been estimated. In Figure 8.12 the 

graphs for the two ovens are depicted.  

 

 

 
Figure 8.12: Emitted power plot and fit as a function of the temperature setpoints for the two ovens.  

 
 

The Tables 8.2 and 8.3 give data about the two contributions extracted from the fitting curves. 

The values for the two ovens are comparable and, as expected, at low temperature, the heat 

flux is mostly due to conduction while at high temperature radiation dominates.  

 

Table 8.2: Spiral oven: conduction and radiation contributions. 

T(˚C) Conduction(W) Radiation(W) Tot(W) %cond %rad 
25 0 0 0     

250 20.9 0.6 21.5 97.4% 2.6% 
500 44.2 9.0 53.2 83.1% 16.9% 
750 67.4 45.6 113.0 59.7% 40.3% 

1000 90.7 144.0 234.7 38.6% 61.4% 
 

Table 8.3: Zigzag oven: conduction and radiation contributions. 

T(˚C) Conduction(W) Radiation(W) tot(W) %cond %rad 

25 0 0 0     
250 19.5 0.5 20.0 97.3% 2.7% 
500 41.1 8.5 49.6 82.9% 17.1% 
750 62.8 43.0 105.8 59.3% 40.7% 

1000 84.5 136.0 220.4 38.3% 61.7% 
 

At least for the radiative contribution, the values are consistent with the calculated power.  

Since the conduction is still present and its contribution is non-negligible, we can deduce that 

the Macor supports do not insulate enough the axial flux. 
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8.6) Photons heating  

Sample heating by photons flux is negligeable. 

The photon flux is 1011 $/s, so the power released to the sample by the beam (at 18 keV, as an 

example) is 

(1011 $/s)*(18 keV)/(1.6*10-19C) = 0.3mW  

which can be neglected respect 200W, the power released from the filament at 1000oC. 

Bibliography 

 

MPDB, Material Properties Database Copyright © 2002 JAHM Software, Inc. 

 

M. J. Moran, H. N. Shapiro, B. R. Munson, D. P. DeWitt, “Introduction to Thermal 

Systems Engineering Thermodynamics, Fluid Mechanics, and Heat Transfer” 

John Wiley & Sons, Inc. - ISBN 0-471-20490-0 
 

W.M. Rohsenow, J.P. Hartnett, E.N.Ganic “Handbook of heat transfer fundamentals” 

McGraw-Hll Book Company - ISBN 0-07-053554-X 

 

 



 77 

Chapter 9 - Gas Flow System 
 

To verify the gas line integrity, we studied two samples with specific behaviour depending on 

the atmosphere. Different chemical reactions involving iron oxides, and their thermodynamic 

analysis during direct reductions, were analyzed. When available, data are compared with 

results obtained with thermogravimetry (TG) and differential scanning calorimetry (DSC). 

9.1) SAMPLE 1  

The first sample that was analyzed was a pure hematite (Fe2O3) sample. It was preannealed in 

air at 700ºC. The expected transition from hematite to magnetite (Fe3O4) when heated in H2 

rich atmosphere was confirmed by our analysis.  

TG and differential thermal analyses (TG/DSC) were carried out with a Netzsch STA 409 

instrument. The samples (0.010 g) were heated in an alumina crucible, at constant rate (10°C 

min-1) in a stream of 4% H2/N2 (20 cm3 min-1) from 200 °C to 1000 °C. 

9.1.1) TG 

TG measures the weight differences that occur in samples while they are annealed. It can 

highlight small weight decreases or increase due to absorption, desorption, chemical 

reactions... 

The measurement was performed in 4% H2 atmosphere to promote the reaction (Komatina et 

al., 2004)  

3Fe2O3 + H2(g) ) 2 Fe3O4 +H2O(g). 

The phase transition is indicated by mass loss in the range from room temperature to 500 ºC. 

The expected final mass is around 96% of the initial one, and data agree with this value, as 

shown in Figure 9.1.  

9.1.2) DSC 

DSC measures the current difference necessary to anneal two identical alumina supports, one 

of which hosts a sample. While temperature increases, the difference in current can increase 

(decrease) if an exothermic (endothermic) reaction occurs.  
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For the examined sample, the behaviour is shown in Figure 9.2: it increases to around 400ºC, 

in agreement with the peak in the TG derivative and with literature data (Weiss et al,. 2011). 

Afterwards, there is a stabilization of the difference in current followed by its slow decrease. 

In the range of 1000ºC, a new phase seems to start, but it was not monitored. 
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Figure 9.1: Sample 1 - Thermogavimetric analysis: mass loss percentage data are from 200ºC to 1000ºC. 
Its derivative is also shown to indicate the maximum slope between 400ºC and 600ºC, where the transition 
is supposed to occur. 

 
 

 

Figure 9.2: Sample 1 - DSC curve.  
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9.1.3) XRD 

A series of twelve XRD scans at 12 keV (wavelength 1.033 Å) were collected in order to 

monitor phase transitions. The tolerance in temperature value was chosen as 5 ºC and every 

pattern was acquired with a 30 s exposure time. The 4% H2/N2 flux (0.3 cc/min) and the 

pressure (1 bar) were controlled during the whole experiment. 

The sample was annealed from 25 ºC to 800 ºC, and then at 50 ºC, during the cooling natural 

ramp. The heating ramp was 5 ºC /min and the first acquired pattern (25 ºC) is shown in 

Figure 9.3 along with the last one (after cooling). The exposures lasted only 30 s. No 

stabilization time was allowed before any acquisition.   

 

 

Figure 9.3: Sample 1 - Hematite and magnetite patterns, acquired and simulated, at room temperature. 

 

Figure 9.4 shows the acquisitions at 450 ºC, 500 ºC and 550 ºC, where the phase transition 

occured. Since we did not allow temperature stabilization, XRD data can be overlapped to TG 

ones, that were collected at the same heating rate of 10 °C/min. 

 

Figure 9.4: Sample 1 - Crystalline hematite sample preannealed in air (700ºC). When reheated in H2 rich 
atmosphereit transforms in magnetite. 
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The collected patterns (Figure 9.5) confirm the expected transition in reducing atmosphere. 

The sample has been analyzed also with air flow: Figure 9.6 confirms that the transition from 

hematite to magnetite does not occur in these conditions.  

 

 

Figure 9.5: Sample 1 - The twelve patterns collected at 12keV. Approximate temperatures are also 
indicated.  

 

9.2) SAMPLE 2  

A second test has been performed on a hematite sample in silica.  

Mesoporous silica nanoparticles (60-70 nm) were prepared with the cetyl trimethyl 

ammonium bromide (CTAB) tensioactive (details about the synthesis protocol are described 

elsewhere (Quiao et al., 2009). After thermal treatment (500 ºC), the tensioactive is burned 

and pores with an average diameter of 2.7 nm are formed (Figure 9.7, by Brunauer Emmet 

Teller method) and a specific free surface of 1030±27 m2/gr (Figure 9.8). In this way, a 

porous structure with high surface area and narrow pore size distribution were obtained. 

Figure 9.8 shows TEM images of nanoparticles before and after calcination.  
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Figure 9.6: Sample 1 - Hematite sample in air flux: no phase transition occurs between the room 
temperature acquisition and the one at 1000ºC, but only peaks shift due to thermal expansion. 

 

In order to insert magnentite particles inside the pores of this sponge-like structure, silica 

nanoparticles were impregnated with Fe(NO3)3, so that 50% of the total volume (1.3 cm3/g) 

was occupied. 

The amorphous sample obtained with the impregnation were pre-calcinated in air to 700ºC, 

finally resulting in the presence of only Fe2O3 in the silica holes, as shown in the high 

resolution TEM (HRTEM) image in Figure 9.9. The phase transition from hematite to 

magnetite is undergone if the sample is again annealed in H2 as reducing agent.  

 

Figure 9.7: BET analysis: pore diameter distribution after thermal treatment of mesoporous silica. 
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Figure 9.8: Sample 2: Mesoporous silica before calcination and sponge-like morphology after 500ºC 
annealing, when tensioactive is burned (courtesy of dr. P. Canton and dr. D. Cristofori, University Ca' 
Foscari, Venice). 

 
The peculiarity consists in the fact that, if the pre-annealing in air is avoided (the sample at 

this stage is called Sample 2) and only the annealing in 4% H2 atmosphere is carried out up to 

1000 ºC, a new phase (fayalite: Fe2+
2SiO4), instead of magnetite is obtained.  

 

 

Figure 9.9: Calcination in air (700ºC) of mesoporous silica: HRTEM demonstrates that only Fe2O3 is 
present in the 3nm holes (courtesy of dr. P. Canton and dr. D. Cristofori, University Ca' Foscari, Venice). 

 
The experiments with this sample were performed at 12 keV in order to observe its behaviour 

in 5% H2 and of air flux. In both cases, data were collected every 100 ºC, with ramps of 10 

ºC/min and a waiting time of 900 s to stabilize the temperature. Exposure time was 30 s for 

every pattern and the temperature tolerance was 5 ºC. 
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Figure 9.10: Behaviour in H2 atmosphere of the unannealed Sample 2. Patterns acquired at 600° C and 
700° C where the transition from hematite to fayalite begins. 

 
The sample shows a new phase formation (fayalite, Fe2+

2SiO4) while hematite disappears, 

only if heated in H2 atmosphere (the 4% H2/N2 flux at 0.3 cc/min at a pressure of 1 bar), 

following the reaction: 

H2(g) + Fe2O3+SiO2)  Fe2SiO4+H2O(g). 

 

  
Figure 9.11: 12keV acquisition at 50oC after annealing at 1000oC in H2 atmosphere. 

 

The patterns observed at 600 oC and 700 oC are presented in Figure 9.10 and Figure 9.11 

shows both the acquisition at 50 ºC (after annealing the sample to 1000 oC) and the simulated 

pattern of fayalite, in order to demonstrate that the two spectra are consistent. It is also evident 
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that the crystallites of this new phase formed by the reaction of the iron oxide and the silicon 

oxide are very large (narrow peaks). As has been previusly reported (Levitskii 2001), the 

relative similarity of the crystal lattice parameters in hematite and fayalite (in fayalite a = 

0.428, b = 1.059, 2c = 1.232, in hematite a = 0.504, 2b = 1.008, c = 1.377) facilitates the 

growth of large-size crystals.  

 

 

Figure 9.12: Sample 2 annealed in air atmosphere. Only hematite is present at the end of the annealing 

 
When the Sample 2 was annealed in air from room temperature to 1000 ºC, the comparison of 

simulated and natural patterns of hematite shows that they are completely overlapping.  
 

 
Figure 9.13: Fayalite (Fe2SiO4), hematite (Fe2O3) and magnetite (Fe3O4) structures 
(http://www.geocities.jp/ohba_lab_ob_page/English.html). 
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This observation suggests that crystallization was obtained without phase transition (Figure 

9.12). In this case the peaks of the hematite are broad indicating the small size of the 

crystallites that being formed inside the pores of the silica particles (see Figure 9.9) have a 

slow growth kinetic even at 1000 °C. 

Figure 9.13 presents the structures of the three structures that appear in this study.  
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Chapter 10 - Conclusions 
The results obtained until now are encouraging and provide a solid background for improving 

the system.  

The principal advantages of this experimental station are portability, easy set up  and 

versatility. It is capable of achieving the desired technological perfomances. 

However, the tests performed so far suggest a number of possible hardware and software 

upgrades of the workstation. 

Concerning the software improvements, an upgrade of the Labview application is planned in 

order to integrate the control of the gas line.  

Concerning the hardware improvements, it is planned to modify the movable flange by 

implementing an additional flange for the vacuum pump mount and possibly a second small 

flange for more easily breaking the vacuum. This will better facilitate the alignment 

procedure. 

This solution will provide more space for the slits support at the entrance of the beam. The 

present support will be discontinued and replaced with a new one that will be more stable and 

will allow an increase in the distance between the two slits. In such a way, the pre-alignment 

phase with the theodolite will be improved by a higher precision and reproducibility as well 

producing a decrease in time necessary for accurate alignment during the experiment. 

Additionally, in order to guarantee the performance of the thermocouple, which is critical to 

the progress of experiments, a second thermocouple will be paired to the first one. 

Another crucial implementation will consist in the optimization of the flux control for the gas 

line through fluxmeters, and the addition of a process-sampling mass spectrometer to allow 

for catalysis experiments.  

Moreover, a new material for the filament must be found in order to reach higher 

temperatures. Finally, there is also the interest for the installation of a third slot and a second 

IP, as to modify the vacuum system, the detector holder, and the beam stopper in order to 

perform small angle X-ray scattering (SAXS) experiments. 
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