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Chapterr 2 

Experimental l 

TheThe alloys studied in this thesis were mainly prepared at 

thethe Van der Waals - Zeeman Institute, University of Amsterdam. 

InIn the first section of this chapter we briefly introduce 

thethe principles of the techniques that were used in the sample 

processing.processing. The following sections describe the specific 

experimentsexperiments to characterise the prepared alloys. 

2.11 Sample preparation 

2.7.77 The arc-melting furnace 

Thee alloys were prepared by a conventional technique using a home-made arc-melting 

furnace.. A sketch of the arc-melting furnace is drawn in Fig. 2.1. This system is 

designedd for the preparation of intermetallic compounds on lab-scale with a maximal 

masss of 10 to 15 gram. The starting materials of purity of at least 99.9 % were 

weightedd based on their nominal compositions. Usually, the surface of the starting 

materialss was cleaned in an appropriate way [1]. These materials were melted together 

inn a water-cooled copper crucible inside the arc-melting furnace under a 500 mbar 

atmospheree of purified argon. The as-melted ingot was turned over and re-melted again 

severall  times to attain good homogeneity before further preparation or measurement. 

Thee re-melted ingot was also cast in the arc-melting furnace by using copper 

castingg crucibles {see Fig. 2.2). Usually, we used crucibles that have a cylindrical 

shapee with typical diameters of 1.5 to 3 mm. After the casting volume is evacuated, 

thee melt falls into the cylinder. The molten ingot solidifies quickly due to the contact 

withh the cold sides of the casting volume. 
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Fig.Fig. 2.1 Sketch of the arc-melting furnace. 

1.1. Stainless steel bellows. 

2.2. Lift. 

3.3. Plexyglass tube for safety. 

4.4. Pyrex tube. 

5.5. Water-cooled tungsten electrode. 

6.6. Water-cooled copper crucible. 

7.7. Manipulation ring. 

8.8. Pressure indicator. 

9.9. Vacuum connection for casting. 

10.10. Turbo pump. 

11.11. Pneumatic valve. 

12.12. Electronic equipment. 

13.13. Water-leak detector. 

14.14. Three way valve. 

15.15. Fore pump. 

1.1. Copper plate. 

2.2. Sample (after melting and casting). 

3.3. Two parts of the casting crucible. 

4.4. Water-cooled copper plate. 

5.5. Pyrex tube. 

6.6. Plexy glass tube for safety. 

7.7. Vacuum 'L' ring. 

8.8. Stainless steel. 

9.9. Copper rod. 10. Spring. 

Fig.Fig. 2.2 Casting crucible. 

Inn this thesis, binary alloys of the chemical formula TxPti0o-x in which T 

iss a 3d element such as Fe, Co, Cr, Ni, Mn and ternary alloys (Feo.6Pto.4)ioo-xMx where 

MM represents Nb, Al, Zr, Ti and Ag elements were prepared by using the above 

mentionedd processes. 
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!! >  Sample holder 

 Sample 

 Copper wire 

Fig.Fig. 2.3 Spark-cutting equipment (view from top). 

2.1.22.1.2 Heat treatment 

Afterr arc-melting, the ingots were subjected to various heat treatments. 

Priorr to the heat treatment, they were sealed into quartz tubes with a 100 mbar 

atmospheree of purified argon. For homogenisation, the samples were first annealed 

att high temperature, between 750 °C and 1325 °C for 1 h and then quenched in water 

(as-quenchedd sample). This was followed by an ageing process at various temperatures 

betweenn 500 °C and 700 °C and different heating times to produce hard-magnetic 

properties.. This process was also terminated by quenching in water (aged sample). 

Inn some cases, the samples were wrapped in Ta foil to prevent them from corrosion and 

contamination.. For each alloy, the annealing conditions are specified in 

thee corresponding chapters. 

2.1.32.1.3 Spark cutting and polishing 

Inn order to obtain a sample with a specific size, spark-cutting and polishing machines 

weree employed. In Fig. 2.3, a rough plot of the spark-cutting equipment 

iss presented. In this equipment, a 100 |im thick copper wire is used as an anode and 

thee sample acts as a cathode. The wire, the sample holder and the sample are all 

embeddedd in kerosene, which plays the role of a dielectric, cooling medium for 

thee sample and the wire and especially prevents materials from oxidation. 

Sparkss between sample (cathode) and wire (anode) will cause evaporation of some 
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materiall  off the sample, producing an incision. One advantage of this technique is the 

highh accuracy of |im order. Secondly, the mechanical stress applied upon the sample 

iss minimised because the wire does not contact the sample during the cutting process. 

"  Rotating copper disk 

"  Sample 

""  Sample holder 

Fig.Fig. 2.4 Copper disk polishing process. 

Forr the thermal-expansion measurements (see Section 2.2.4.2), the upper and 

lowerr surfaces of the sample need to be polished in order to make them flat and parallel 

too each other. The same principles as in the spark-cutting technique are used in 

thee polishing process (see Fig. 2.4). A rotating copper disk is used as an anode and, 

again,, sparks between the sample and the disk remove some material from the sample. 

Too ensure that the sample surface meets the experimental conditions, the following 

sequencee should be followed: 

Thee surface of the sample holder, on which the sample will be glued, should 

bee polished first. 

Thee sample is glued on the sample holder and it is polished on one side. Then it is 

turnedd over and polished on the other side. 

2.22 Characterisation 

2.2.12.2.1 X-ray-diffraction measurement 

Thee crystallographic structure of the alloys at room temperature was determined by 

meanss of two commercial diffractometers, an Enraf-Nonius PSD 120 (position-

<FQ <FQ 
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sensitivee detector) and a Philips APD 1700 (automated-powder diffraction), using 

CuKaa radiation with Si standard. In the first diffractometer, 

thee samples were mounted on a rotating sample holder in order to make the lattice 

planesplanes better "visible" to the detector. 

Thee obtained X-ray diffraction (XRD) diagrams were analysed by means of 

thee Rietveld refinement procedure [2], using the Fullprof software program [3]. 

Thiss program is designed for the characterisation of the reflections in the XRD pattern 

usingg the Bragg-Williams law. The crystallographic structure of the sample 

wass determined and the lattice parameters were obtained with an accuracy of 0.005 A. 

2.2.22.2.2 Electron microanalyses 

2.2.2.12.2.2.1 Electron-probe microanalysis 

Thee homogeneity and the chemical composition of several selected alloys used in this 

thesiss were checked by means of electron-probe microanalysis (EPMA). These 

measurementss have been carried out in the JEOL JXA-8621 equipment at 

thee Kamerlingh Onnes Laboratory of the University of Leiden [4]. 

Inn the EPMA experiment, the surface of the sample is exposed to an electron 

beambeam with an acceleration voltage of 10 to 20 kV. The incident electrons can be 

scatteredd back (elastic interaction) or penetrate into the surface layers of the sample 

(inelasticc interaction). In the latter case, the electron beam partly ionises the different 

elementss of the studied sample, thus leaving vacant energy levels. Consequently, 

electronss from higher energy levels occupy these levels and emit photons. The energy 

andd the relative intensity of these photons are characteristic for a certain element and 

itss concentration in the sample, respectively. In this analysis, variations in 

thee homogeneity of the sample can be detected with an accuracy better than 1 at. %, 

whilee the absolute accuracy is limited to 3 at. %, depending on the element and 

thee standard used. 

2.2.2.22.2.2.2 Scanning electron microscopy 

Scanningg electron microscope (SEM) is a very widely used technique to study surface 

topography.. In general, a high-energy, typically 10 keV, electron beam 
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iss scanned across the surface. The reason for using an electron beam instead of a light 

beamm is that electrons have a shorter wavelength than photons and therefore a better 

resolution.. Resolution and magnification of a microscope are related to the wavelength 

andd the energy of the radiation. 

Thee incident electrons cause low-energy secondary electrons to be generated, 

andd some escape from the surface. The secondary electrons emitted from the sample 

aree detected by attracting them onto a phosphor screen. This screen will glow and 

thee intensity of the light is measured with a photo-multiplier. Some of the incident 

electronss may strike an atomic nucleus and bounce back into the vacuum. These 

electronss are known as back-scattered primaries and can be detected with a back-

scatteringg detector. Back-scattered electrons can also give information on the surface 

topographyy and on the average atomic number of the area under the electron beam. 

Thee SEM analysis was carried out in a SEM JEOL JXA-8621 at 

thee Kamerlingh Onnes Laboratory of the University of Leiden [4]. Additionally, 

ann optical microscope of type Zeiss Axioplan 2 was employed to study 

thee microstructure of the alloys. 

2.2.2.32.2.2.3 Transmission electron microscopy 

AA transmission electron microscope (TEM) offers the possibility to explore the internal 

structuree of materials on a near atomic scale. The TEM is an electron-optical 

microscopee that uses electromagnetic lenses to focus and direct an electron beam. Data 

iss collected from the beam after it passes through the sample. 

Thee structural information that is generally derived from planar sections 

includess the morphology of the crystallites (bright field), lattice structures (diffraction), 

imagingg of crystallites with certain orientations (dark field) and elemental composition. 

Thee microstructure analysis was performed using a TEM CM30T of Philips 

att the National Centre for High-Resolution Electron Microscopy (HREM) of the Delft 

Universityy of Technology [5]. The apparatus is operating at an accelerating voltage 

off  300 kV. The samples used in this experiment were mechanically polished and ion 

milledd to electron transparency by using a Gatan PIPS 691. 
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Fig.Fig. 2.5 Wickers method. 

2.2.32.2.3 Mechanical properties 

2.2.3.12.2.3.1 Hardness testing 

AA standard method, named Vickers method, was used to measure the hardness of the 

alloys,, particularly of those with extremely hard surfaces. The surface 

iss subjected to a standard pressure for a standard length of time by using a pyramid-

shapedd diamond. The Vickers hardness of a material is derived from the size of 

thee impression produced under load by a pyramid-shaped diamond indenter. 

Thee indenter employed in the Vickers test is a square-based pyramid whose 

oppositeopposite sides meet at the apex at an angle of 136 degrees (see Fig. 2.5). The diamond 

iss pressed into the surface of the material at loads ranging up to 500 gf. Then, the size 

off  the impression (usually no more than 0.5 mm) is measured with the aid 

off  a calibrated microscope. The Vickers hardness (HV) is calculated using 

thee following formula [6]: 

HVHV =1.854- -̂ t2-1) 
dd2 2 

wheree F is the applied load and d2 is the area of the indentation. 
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Fig.Fig. 2.6 Tensile strength measurement. 

Thee hardness experiment was performed by using a micro-hardness tester 

Vickerss 4902 of Wolpert. The mechanical properties were measured on samples 

processedd under different heat-treatment conditions. 

2.2.3.22.2.3.2 Tensile-strength measurements 

Hardnesss covers several properties of a material: resistance to deformation, resistance 

too friction and abrasion. Besides this, an important mechanical property 

off  material is the tensile strength. 

Too measure the tensile strength of a sample, one usually stretches the sample 

usingg a special machine. The sample is simply clamped at each end before 

measurementt {see Fig. 2.6). During the stretching process, the stress acting on 

thee sample is represented by: 

stressstress =— (2.2) 

A A 

wheree F is the applied force and A is the cross-sectional area of the sample. 

Iff  we continue to increase the intensity of the force the sample will break. 

Thee value of the stress needed to break the sample is the tensile strength of 

thee material. The tensile stress and tensile strength as well, are both measured in units 
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off  N/m2 or psi (1 N/cm2 = 1.45 psi). At higher values one usually uses MPa or GPa 

(11 MPa = 106 N/m2, 1 GPa = 109 N/m2). 

Thee present experiments were carried out on a home-made tensile-strength 

equipmentt using a special interface Spider 8 Control of Texas Instruments to collect 

thee data and transfer these to a computer. 

2.2.42.2.4 Structural phase-transition measurements 

2.2.4.12.2.4.1 Differential-scanning-calorimetry measurements 

AA differential-scanning-calorimetry (DSC) system is displayed schematically in 

Fig.. 2.7 [7]. The sample (S) and the reference (R) are thermally insulated from each 

otherr and both are provided with an individual heater, Qs and QR respectively. 

Thee energy absorbed or evolved by the sample is compensated by adding or 

subtractingg an equivalent amount of electrical energy to the heater located in 

thee sample holder. In fact, this is achieved by comparing the signal from a Pt resistance 

thermometerr in the sample holder with the signal from an identical sensor in 

thee reference holder. 

n n 

— — 

SS R 

MM 1 1 

Qss Qr 

-wvwv v 
c c 

\ \ 

Fig.Fig. 2.7 The sketch of a DSC: S - sample, R - reference, C - oven. 

Inn this thesis, DSC measurements were carried out in a Perkin-Elmer DSC7 

inn purified-argon flux to protect the sample against oxidation. The temperature range 

wass from room temperature up to 700 °C and the heating rate varied from 5 °C/min 
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too 150 °C/min. All DSC measurements were carried out on as-quenched samples. 

Severall  scans were performed on each sample. In these DSC measurements, 

thee reference holder is left empty. If, after subtracting the n-th and the (n+1 )-th DSC 

scanss from the first one, similar results are obtained, this indicates that no further 

transitionn takes place after the n-th run. In order to check this, in the analysis of all 

thee data, the n-th DSC run has been subtracted from the previous (n-1) one. The DSC 

resultss will be presented in detail in Chapter 6. DSC traces are plotted with exothermic 

peakss extending in the positive direction of the vertical axis. 

2.2.4.22.2.4.2 Thermal-expansion measurements 

a.a. The equipment 

Inn Fig. 2.8 the home-built dilatometer is sketched. The details of this equipment can be 

foundd in ref. [8]. In this equipment, the sample is placed on a quartz plateau, which is 

partt of the sample holder. A quartz cap is put on the top of the sample and is connected 

too the length detector through a quartz push-rod. 

AA water-cooled furnace is placed around the protection tube at the sample 

position.. The furnace can be operated up to 1100 °C. The temperature is measured 

throughh a Chromel Alumel thermocouple (type K), which is connected to an Omega 

DP-4655 thermometer. This thermometer has an interfaced output to the corn-port of 

thee computer. 

Too measure the length, a detector Daytronic Linear Variable Differential 

Transformerr (LVDT) was used at room temperature throughout the measurement. 

Thee sensitivity of the LVDT is 2xl0"5 mm. The output signal of the LVDT was 

processedd by means of a Daytronic transducer amplifier and the internal analogue-

digitall  converter (ADC) of the computer. A new software program, called Thermex, 

wass made to control the measurement. 

Thermal-expansionn measurements were carried out in a 500 mbar argon 

atmosphere.. Around the sample, a screen of Ta foil was placed, to protect the sample 

fromm oxidation. For the same reason, a piece of Zr was enclosed in the equipment as 

aa getter. The reason why the sample holder is made of quartz is that it is inert 

att temperatures up to 900 °C. Above this temperature, the possibility of crystallisation 
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off  quartz exists. Furthermore, quartz has a low linear-expansion coefficient, 

«quartzz = 5xl0"7 K"1, while for normal metals values of 10"5 K ' are expected. The 

thermal-expansionn results will be described in Chapter 6. 

Quartzz protection tube 

Too vacuum pump £~s 

Lengthh detector 

Quartzz sample holder 

Thermocouple e 

Quartzz push-rod 

Samplee with cap 

Quartzz protection tube 

Fig.Fig. 2.8 Sketch of the dilatometer equipment. 

b.b. The software program 

Too control the thermal-expansion equipment, we have made a software program, 

namedd Thermex. The measured data are collected from the thermal-expansion 

equipmentt through an ADC-card and a corn-port connection to a computer. The data 

aree stored in ASCII-format for further analysis. 

c.c. Calibration 

Thee calibration of the length detector was carried out by means of a standard nickel 

sample.. The change in output signal At/ of the length detector is proportional to the 

displacementt A/ of the Ni sample [9]: 
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Fig.Fig. 2.9 Calibration of the length detector using Ni. 

MM = CAU 

wheree C is the calibration constant. 

(2.3) ) 

Thee length of the nickel sample is /0 = 8.37 mm at T0 = 25 °C. The linear-

expansionn coefficient of Ni [10] is aNi = 1.3xl0"5 K"1 at 25 °C and remains constant 

upp to 1000 °C. The thermal-expansion calibration was performed in the temperature 

rangee from room temperature to 325 °C at a heating rate of 30 °C/h. The result 

off  the measurement is given in Fig. 2.9 and a linear behaviour was observed. 

Afterr determination of the slope dUldT of this graph, C was determined using 

thee formula: 

C C 
ll + aNiT0 

dU dU 

dT dT 
(2.4) ) 

Thee final result of the calibration is C = 6.47 mm/V  6 %. Van Ommen [8] 

hass used the same equipment and the same Ni sample for calibration. He calibrated 

thee equipment from room temperature to 800 °C. His calibration is consistent with 

thee present results. 
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2.3.. Magnetic measurements 

2.3.12.3.1 Magnetic hysteresis-loop measurements 

Thee macroscopic magnetic properties of the samples were derived from magnetic 

hysteresis-loopp measurements using a commercial SQUID (Superconducting Quantum 

Unitt Interference Device) magnetometer Quantum Design MPMS-5S [11]. 

AA home-built vibrating-sample magnetometer (VSM) at the Systems and Materials for 

Informationn storage group of the University of Twente was also employed for some 

magneticc measurements [12]. 

Forr the measurements in the SQUID, the temperature range extends from 

1.77 to 400 K and the applied magnetic field produced by a superconducting magnet 

rangess from -5 T up to +5 T. The magnetisation can be measured in the range of 

10"155 to 106 emu with an accuracy of 0.1 %. The sensitivity of the VSM is of the order 

off  10"8 emu. Measurements can be done at different temperatures between 5 to 300 K 

andd in the magnetic field range from -3 T to +3 T. 

2.3.22.3.2 Thermo-magnetic analysis 

Too determine the temperature dependence of the magnetisation above room 

temperature,, a home-built Faraday balance was used. The set-up functions in 

thee temperature range between room temperature and 1250 K and in the applied 

magneticc field ranging from 0.05 T to 1.15 T. In the thermo-magnetic analysis (TMA), 

thee force on the sample in an inhomogeneous magnetic field can be determined by 

ann analytical balance with an accuracy better than 10"2 mg. The magnetic moment 

off  the sample, which is directly proportional to the detected force, can then be 

evaluated.. More details of the equipment can be found in ref. [13]. 

2.3.32.3.3 Pulsed-field measurements 

High-fieldd magnetisation measurements at room temperature were performed in a new 

home-builtt 20 T pulsed-field magnet. A detailed description of this equipment can be 

foundd in Chapter 3 of this thesis. 
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NN eutrons-
K K 6/2 2 

Sample e 
Detector r 

Fig.Fig. 2.10 Sketch of a small-angle neutron scattering experiment. 

2.3.42.3.4 Small-angle neutron scattering 

Small-anglee neutron scattering (SANS) is a useful tool to the study a variety of 

nanoscalee phenomena. There is a fundamental difference between the interaction 

off  neutrons and electromagnetic radiation with matter. Light and X-ray are scattered by 

thee electrons surrounding atomic nuclei, but neutrons are scattered by the nucleus 

itself.. This leads to several important consequences. 

AA SANS experiment measures the scattered intensity versus the scattering 

vectorr Q . The value of the scattering vector Q is the modulus of the resultant between 

thee incident wave vector kt and scattered wave vector kAsee Figure 2.10), and is 

givenn by Bragg's law of diffraction: 

QQ = \Q\ 
AnAn . 6 
—— sin — 
AA 2 

(2.5) ) 

wheree 6 is the angle through which the neutrons are scattered and X is the wave length 

off  the incident radiation. 

Severall  parameters can be directly evaluated from SANS data such as 

thee radius of gyration (Rg) and the particle-surface area. Furthermore, quantitative 

information,, for example the shape of the scattering particles, may be obtained from 

thee slope of a log-log plot of the intensity versus Q. 

Thee SANS experiments were carried out in specified equipment, named Dl 1, 

att the Institut Laue-Langevin (ILL ) in Grenoble. The details of the equipment can be 

obtainedd in ref. [14]. The SANS results will be presented in Chapter 7. 
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