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Chapterr  1 

Introductio n n 

1.11 Permanent-magnet materials and recent developments 

Permanent-magnett materials are essentially characterised by the existence of 

aa large magnetisation at zero magnetic field and a high coercivity in the second 

quadrantt of the magnetic hysteresis loop, as illustrated in Fig. 1.1. 

Insteadd of the magnetisation M, one usually uses the magnetic polarisation J 

andd flux density B in which J = (loM and B = J + \JLQH (H is the demagnetising field 

strength).. The magnetisation at zero field, after removing the external magnetic field, is 

calledd the remanent magnetisation (or remanence), denoted by Mr (or Br). To specify 

thee performance of permanent magnets, the coercive field or coercivity jHc (BHC) and 

thee maximum energy product (Z?#)max can also be used. The former indicates the 

externall  magnetic field at which the magnetisation becomes zero. The latter, defined as 

thee maximum of the product between B and H for each point of the B(H) curve in the 

secondd quadrant, expresses the amount of energy that can be stored in a unit volume of 

thee magnet. For applications, it is also important to know the temperature dependence 

off  these magnetic properties, especially when the working temperature exceeds room 

temperature. . 

Goingg back to the past, the modern history of permanent magnets started 

aroundd 1940 with the appearance of Alnico. With this introduction, the application of 

permanentt magnets widely spread into many fields such as electric motors, generators 

andd loudspeakers. A revolution in permanent-magnet materials occurred in 1969 with 

thee discovery of a new high-performance magnet based on the compound SmCo5 [1]. 

Laterr on, the energy product was improved by alloying and by changing the 

compositionn towards Sm2Co|7. This work has been continued by substituting Fe for Co 

andd in 1983, the third generation permanent magnets based on Nd2Fe14B was found by 

file:///JlqH
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Fig.Fig. 1.2 The development of permanent magnets. 

Sagawaa [2] and Croat [3] with (BH)mn exceeding 400 kJ/mJ (50 MGOe) (see Fig. 1.2). 

Combiningg a high remanence with a large coercivity, these magnets became dominant 

inn many applications. However, Nd-Fe-B-based magnets have a low Curie 

temperature,, about 300 °C, and are sensitive to corrosion due to the presence of rare-

earthh elements. Therefore, due to the low operating temperature the use of this magnet 

iss limited to applications such as in electric motors and generators. 
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Besidee in technological fields, the use of permanent magnets in biomedical 

applicationss for example in dentistry has steadily increased over the years. The 

increasingg popularity of dental-magnet techniques has boosted the search for new 

materialss that are applicable. The applications of magnets in dentistry are various from 

orthodonticss to prosthetic dentistry. Here, we will focus on the application in prosthetic 

dentistryy where conventional magnets have been used as retentive aid for removable 

partiall  dentures [4, 5]. 

1.22 Iron-platinu m permanent magnets: potential materials for  dental applications 

AA number of experiments have been carried out to use Sm-Co and Nd-Fe-B 

compoundss for dental applications [6-9]. The Dutch company DYNA Dental 

Engineeringg B.V. has developed a denture retention system as presented in Fig. 1.3. 

Inn this eminent model, a ferromagnetic material Pd-Co is incorporated in the jaw as 

aa root cap. This alloy is essentially a soft-magnetic alloy with zero remanence. Inside 

thee denture, powerful magnets, based on sintered Nd-Fe-B, are fixed. The magnets are 

soo strong that this system results in a very rigid attachment of the dentures to the jaw. 

Ferromagnetic c 
material l 

Root t 

Fig.Fig. 1.3 The denture retention system of DYNA Dental Engineering B. V. 

AA biomedical test has shown that the static magnetic field produced by the 

magnetss has no effect on human dental pulp [10], organic cell structures [11] or blood 

floww [12]. However, this type of magnets is very brittle and has low corrosion 
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resistancee [7]. In order to overcome these problems, the magnets are captured in 

aa metal casing (stainless steel, Ti or Pd). Though, if the casing breaks, the rare-earth 

compoundd becomes in contact with saliva and corrosion will be a consequence. This 

inducess a cytotoxic effect that can be harmful to the health and also significantly 

reducess the lifetime of the magnets [8, 9, 13]. Therefore it is desirable to have other 

materialss that can be used as strong permanent magnets without casing for dentistry, 

i.e.. with good mechanical and biomedical properties. 

Co-Ptt [14], Fe-Pt alloys [15] and, recently, Fe-Pt thin films [16] have received 

muchh attention owing to their high magnetic anisotropy, high coercivity and large 

energyy product. The high magnetic hardness is developed in those alloys by ageing at 

aa moderate temperature that induces a transformation from the face-centred-cubic (fee) 

too the face-centred-tetragonal (fct) crystal structure, as shown in Fig. 1.4. Additionally, 

duee to the high Pt content, Fe-Pt alloys display good corrosive and wear resistance. 

aa a 

Fig.Fig. 1.4 Crystallographic structures of Fe-Pt: fee (a) and fct (b) structures. 

Bulkk alloys Fe-Pt and Co-Pt are of interest not only for fundamental research 

butt also for applications, particularly in corrosive environment as biomedical or off-

shoree applications. 
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1.33 Aim and outline of the thesis 

Ass mentioned above, it is desirable to develop a system, including a powerful 

permanentt magnet and a soft-ferromagnetic alloy, in which both components also have 

strongg mechanical properties. For this application, a Pt-rich TxPt100-x alloy (where T is 

aa 3d element) has been developed for magnet bodies in dental prostheses without 

encasing.. A further advantage of these magnets is the circumvention of the usual 

powder-metallurgicall  route. A special heat treatment gives ingots with the desired 

shapee the suitable magnetic properties to be used as dental magnet. It is an advantage 

thatt this material if not subjected to a heat treatment shows soft-magnetic properties, 

whichh makes it suitable to be used as root-cap material. 

Wee will focus on the studies of the changes of the structure, the mechanical 

propertiess and the magnetic properties of some binary TxPt|oo-x alloys by various types 

off  heat treatments and chemical substitutions. Based on the obtained results, a material 

whichh has optimum hard-magnetic properties will be used as basis material for ternary 

alloyss in which T and Pt are partially replaced by a third element M. Additionally, 

somee selected alloys will be used for further studies including the thermodynamic 

properties,, thermal expansion and small-angle neutron scattering measurements. 

Thiss thesis consists of seven chapters. Chapter 1 gives an introduction 

includingg the motivation of the work. Sample preparation and characterisation methods 

ass well as measurement techniques are presented in Chapter 2. In Chapter 3, 

wee describe the design and operation of a pulsed-field magnet, driven by a 150 kj 

capacitorr bank, in which magnetic hysteresis-loops can be measured and permanent-

magnett materials can be magnetised in fields up to 20 T at room temperature. 

Inn Chapter 4, we report on studies of the structural, mechanical and magnetic 

propertiess of binary TxPt100-x alloys. The alloy Fe^Pt̂  exhibits the best permanent-

magnett properties and is therefore used in Chapter 5 for further studies on ternary 

(Fe0.6Pto.4)ioo-xMxx alloys. In Chapter 6, other properties of some selected alloys 

aree investigated, such as thermodynamic properties and the thermal expansion. Small-

anglee neutron-scattering studies are presented in Chapter 7. A summary is presented 

att the end of the thesis. 
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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. 



20 0 ChapterChapter 2 

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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Chapterr  3 

Thee 20 tesla pulsed-field magnet 

BasedBased on a 150 kJ capacitor bank, we have built a compact 

magnetometer,magnetometer, which allows fast measurements of hysteresis 

loopsloops in fields up to 20 T. The equipment is designed to perform 

fastfast and accurate measurements in the temperature range 

fromfrom 77 to 400 K in a 4.5 mm-diameter sample space. In this 

chapter,chapter, after the introduction, we describe the details of this 

magnetometer,magnetometer, comprising a 150 kJ capacitor bank, discharge 

electronics,electronics, the cryostat and coil and the data-acquisition 

electronics.electronics. At the end, the calibration of the equipment will 

bebe presented. 

3.1.. Introductio n 

Measurementss of the hysteresis loop are indispensable in order to estimate 

thee performance of permanent magnets. Simple magnetometers based on 

electromagnetss with supplied magnetic fields from 1 to 2 T can generally be used for 

thesee measurements. In order to achieve saturation in the magnetisation process 

off  some high-performance materials magnetic fields exceeding 5 T are required that 

cann be generated by superconducting magnets. However, the sweep-rate of these 

magnetss is low and simpler set-ups would be preferable. For testing of magnetic 

materialss and for magnetising small permanent magnets, it is desirable to have a set-up 

ableable to generate fields well in excess of 10 T with a reasonable duration. 

Inn general, to generate a magnetic field of 20 T rather high current densities 

aree required. To avoid excessive Joule heating due to these high current densities, 
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thee magnet has to be either cooled or operated in a pulsed mode. Most pulse magnets 

aree operated in the so-called crowbar mode, which results in a damped half sine pulse-

shape.. This pulse shape is not suited for magnetisation measurements of materials 

displayingg remanence, because the remanent magnetisation is not detected in 

ann induction measurement if the field is not reversed or the sample not extracted. 

Too generate a full sine-wave, we have chosen not to use a crowbar diode but a diode 

stackk anti-parallel to the firing thyristor that connects the capacitors to the magnet. 

Thiss results in a system performing one complete, but damped, sinusoidal oscillation 

andd enables to detect the full hysteresis loop. 

Inn metallic samples, the measurement may be disturbed by the generation 

off  eddy currents either directly or because of the accompanying heating of the sample. 

Thee self-inductance (i.e. the wire section) was chosen such that the full sine (pulse 

length)) had a period of about 200 ms to reduce this effect. In order to reach a maximum 

fieldfield of more than 20 T in a Cu solenoid with a bore of 22.3 mm, we used a 10 mF 

capacitorr bank with a stored energy of about 150 kJ. The magnet is engaged 

byy discharging this capacitor bank with maximal voltage of 5.5 kV via an optically 

triggeredd thyristor stack. Finally, to ensure a reasonable repetition rate of a few 

maximum-fieldd pulses per hour, the magnet coil is cooled to liquid-nitrogen 

temperature. . 

3.2.. High voltage components 

3.2.3.2. J The capacitor bank 

Thee power supply with capacitor bank, the safety circuitry and the control cabinet were 

purchasedd from Metis Instruments & Equipment [1] (see Fig. 3.1). 

Thee insulation of the high-voltage part is designed to withstand 10 kV. The 10 mF 

capacitorr bank with stored energy of 150 kJ consists of 7 non-pcb energy-storage 

capacitorss of the paper and foil type with castor oil. Each capacitor has a capacity 

off  1.43 mF with a tolerance of  10 %. This capacitor bank is operated at a voltage 

off  5.5 kV and designed for a peak current of 2 kA (tested voltage 7 kV, short-circuit 

peakk current 10 kA and voltage reversal 90 %). In the normal operation mode, 
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aa full-sine wave with pulse duration of the order of 200 ms can be generated. 

Thee internal resistive losses in our actual load coil allow generating a peak-to-peak 

fieldfield reversal of 80%. 

Fig.Fig. 3.1 The capacitor bank and the control cabinet. 

3.2.23.2.2 The thyristor and diode switches 

Thee thyristors are triggered via a fibre optical link and a diode-stack anti-parallel to the 

thyristorss allows for a full-sine waveform {see Fig. 3.2). The same diode stack can also 

bee used as a crowbar, by simple repositioning of a connection bar. 

Thee thyristor stack and the diode stack are designed to withstand the short 

circuitt at full energy. For the thyristors, the action integral for the short-circuit pulse is 

l.OxlO66 A2s, whereas it is O.lxlO6 A2s during a normal pulse. 

3.2.33.2.3 The current-limiting coil 

AA current-limiting coil with a cross section of 7x3.3 mm has been used in order to 

limitt the current to 10 kA in the case of a short circuit {see Fig. 3.2). This coil has an 

inductancee of 1.96 mH and a resistance of 91 mi). 
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Fig.Fig. 3.2 Electrical circuit of the capacitor bank and the magnet coil. 

3.2.43.2.4 The charger 

Thee charger is a 5 kW high-voltage power supply operating in constant-current mode 

off  0.9 A which charges at an average rate of 2.5 kJ/s. The typical charge time for full 

chargee is 1 minute. This charger is protected against short circuits and voltage 

variationss of the bank. The charger has a floating output with insulation stand-off of 

5.55 kV on high and low output. 

3.2.53.2.5 The dumps 

Switchingg of the dumps and the charger to the bank is performed with 

electromechanicall  high-voltage contact relays. The water resistors used as dumps are 

eachh capable of absorbing the full energy of the bank three times in a short interval 

afterr which they should be allowed to cool down. The fast and slow dumps yield 

aa discharge from 5.5 kV to 55 V in around 5 s and 20 s, respectively. 

3.2.63.2.6 The protection 

Too ensure galvanic isolation, the whole assembly is only connected to 

thee outside world via an optical ethernet connection and it is powered via an isolation 

transformer.. Complete control of the system is achieved via a separate computer 

(DAQServer)) that is used as console, on which also the data are stored. 



TheThe 20 tesla pulsed-field magnet 27 7 

3.3.. The coils 

Wee have built four coils for the measurement in the 20 T pulsed-field magnet. These 

includee the magnet coil, the field pick-up coil, the magnetisation pick-up coil and the 

Rogowskii  coil. 

3.3.13.3.1 The magnet coil 

Thee magnet coil is an important part of the 20 T pulsed-field magnet. 

Thee geometry of the magnet coil is usually described by the inner radius at and by 

thee dimension-less parameters a and fi where / = 2f3a] is the height and a2 = a at is 

thee outer radius of the coil. The magnetic field generated at the center of a coil with N 

turnss carrying a current I is given by 

NI NI 

2pa, 2pa, 
B ^ ^ ^ ^ r - T i a ^ )) (3.1) 

wheree y(a B)= In ,  At a point of the vertical axis at a distance 

«-ii  i+V 1+£2 

zz = £#/ from the center, the Eq. (3.1) becomes: 

BB NI r(q,/? + C) + r (a , f f -p 
<z<}<z<}  2$ax 2 

Thee inductance L and resistance R of the coil are given by 

ii = ^<SL^aiAr'rf«,/») 0.3) 

andd R ^
 a + l * l P (3.4) 

2(3(a-\)2(3(a-\) a, ƒ 

wheree g(oc(3) < 1 is a factor depending on the geometry that can be determined from 

thee tables given in ref. [2]. p (T) is the resistivity and / the fillin g factor which is 

thee fraction of conducting material in the volume of the coil. A useful parameter is the 

timee constant r of the coil: % = — = ^-(a2 -l)tf, 2 — g(a,f3)-
RR 4 p 
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Fig.Fig. 3.3 Field-calculation for the 20 T pulsed-field magnet. 

Thee time dependence of the electric current can be expressed as 

2 2 

I(t)I(t)  = CU^-e~s' sin cot (3.5) 
CO CO 

wheree the capacitor bank has the capacity C and a maximal operating voltage U. 

Otherr parameters are Co\ = UCL, S= RJ2L, a>2 = (o\- S2. 

Inn Fig. 3.3 we show the calculations of the magnetic field based on 

Eqs.. (3.1-3.5). The theoretical maximal and minimal values of the magnetic field are 

BBmcixmcix = 20.02 T and Bmm = -16.96 T, respectively. The magnetic field reaches Bmax 

afterr 0.05 s. 

Inn the 20 T pulsed-field magnet, the magnet coil is constructed from kapton-

insulatedd cold-worked CuAg008» wi re with a yield strength of approximately 400 MPa 

andd a rectangular cross-section of 3.15x2.10 mm". This coil is a solenoid with height 

// = 118.6 mm, outer diameter 2a2 = 198.7 mm, inner diameter 2at = 22.3 mm and 

NN = 1485 turns, i.e. 42 layers of 35-36 turns, ƒ = 92 % (see Fig. 3.4). 

Thee magnet coil is immersed in liquid nitrogen during measurement. The coil 

hass a sensitivity of 83 A/T, a self-inductance of 91 mH and a resistance measured at 

thee top terminals at 77 K and 300 K of 0.24 Q and 1.56 Q., respectively. The design 

0.22 0.4 0.6 0.8 
Pulsedd time (second) 
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off  the 20 T coil is similar to that of the 40 T Amsterdam high-field installation. 

Informationn on the design of the magnet coil for this system can be found in refs. [3-5]. 

Fig.Fig. 3.4 The magnet coil. 

3.3.23.3.2 The field pick-up coil 

Thee generated magnetic field is measured by a pick-up coil, which is placed at the 

centree of the magnet bore. This field pick-up coil consists of 40 turns of isolated copper 

wiree with a diameter of 0.1 mm. It is coiled on a diameter of 17.8 mm of 

thee inner insert. The total effective surface of this coil is 101.79 cm2 and the sensitivity 

iss 0.010 VsAT. 

3.3.33.3.3 The magnetisation pick-up coil 

Thee magnetisation of the sample is measured by means of a pick-up coil with a special 

designn [6] in order to compensate for the signal of the varying applied field. The design 

off  this pick-up coil is an approximation based on the principle that 

thee magnetic field inside a sphere with a homogeneous current density on its surface, 

aa so-called Maxwell coil [7], is homogeneous. 
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Fig.Fig. 3.5 Sketch of the magnetisation pick-up coil. 

Thee magnetisation pick-up-coil body is made of MACOR, consisting of two 

concentricc cylinders with a diameter for the inner and outer coil of 6.00 mm and 

14.122 mm, respectively, as drawn in Fig. 3.5. Isolated copper wire with a diameter of 

0.11 mm is wound over a length of 50 mm with 1710 turns in four layers for the inner 

coill  with 425-430 turns per layer. The outer coil with 351 turns in one layer, 

iss inversely wound. The whole is fixed by epoxy (Stycast 1266). There are ten extra 

oppositee turns at each end of the first inner layer in order to reduce the sensitivity for 

variationss in the (axial) sample position. The sample space has a diameter of 4.5 mm. 

Thee theoretical sensitivity of this coil assembly is 0.033 Vs/Am2. 
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Fig.Fig. 3.6 A sketch of Rogowski coil. 

3.3.43.3.4 The Rogowski coil 

AA Rogowski coil is an 'air-cored' toroidal coil placed round the conductor as drawn in 

Fig.. 3.6. The alternating magnetic field produced by an AC current through the 

conductorr induces a voltage in the coil, which is proportional to the rate of change 

off  current. 

Thee direct output of the coil is given by y = M — . where M is the mutual 

dt dt 

inductancee of the coil and dl/dt is the rate of change of current. To complete 

thee transducer, this voltage is integrated electronically so that the output of 

thee integrator is a voltage that accurately reproduces the current waveform. 

Rogowski-coill  current transducers can measure alternating currents in 

aa frequency range from less than 0.1 Hz to about 1 MHz. Their measurement range is 

impressive,, ranging from a few mA to over 106 A. These transducers have an excellent 

transientt response capability and they can be used for measurements on very large or 

unusually-shapedd conductors. 

Inn the 20 T system, a Rogowski coil with a sensitivity 0.672x10"6 Vs/A, 

iss used to measure the current through the magnet coil. This coil is provided by Metis 

Instrumentss & Equipment. 
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3.4.. Temperature components 

Thee temperature-control part includes the following components: the heating coil, 

thee thermometers, the temperature controller and the power supply for the heater. 

3.4.3.4. J The heating coil 

Thee heating coil made by 15 double turns of isolated manganese wire with 

aa diameter of 0.2 mm and a resistivity of 14.0 QJm. This wire is coiled on the inner 

insertt with a diameter of 17.8 mm around the centre of the magnet bore. 

3.4.23.4.2 The thermometer, temperature controller and power supply for the heater 

Twoo thermometers have been used in this system. The temperature of 

thee sample is measured by a Pt resistance thermometer located in the centre of 

thee magnetisation pick-up coil, close to the sample and therefore in the centre of 

thee heating coil. The setting temperature is measured by another Pt resistance 

thermometer,, which is placed at the bottom of the inner insert. 

Thee Dataforth SCM5B 35-01 (Burr-Brown) temperature controller can be 

usedd in a temperature range from -100 to 100 °C. The corresponding output voltage is 

betweenn 0 to 5 V. This controller is isolated from other components. 

Thee Baacke BV 6630-2 (VDE 0551 T 40/E) power supply for the heater is 

designedd to work with the input parameters 230 V/ 50-60 Hz and the output parameters 

aree a current of 0.8 A and a power of 24 VA. 

3.5.. Control part 

3.5.13.5.1 The programmable logic controller 

Forr communication between the power supply of the magnet and the control computer, 

aa programmable logic controller (PLC) with analog and digital data in- and output 

capabilitiess is employed. The PLC is connectable via an RS 232 Interface. It has hard-

wiredd relay logic for elementary actions and manages the load and discharge cycles 

throughh optical-fibre communication with the control computer (DAQServer). 
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F/g.. 3.7 The start-up screen of the Metis CB Controller program. 

3.5.23.5.2 The software program 

AA software program from Metis Instruments & Equipment, named Metis CB 

Controller,, has been used to control the operation of the 20 T pulsed-field magnet. 

Thiss program uses a DDE server (DAQServer computer) to communicate with the PLC 

inn the control cabinet and another computer (DAQClient) to provide the User interface. 

Thee start-up screen of this program is represented in Fig. 3.7. 

3.5.2.13.5.2.1 Normal sequence 

Thee user can use the start-up menu as follows: 

Inn "User info" menu, announce yourself as a user of the bank and indicate the 

magnett you are about to use (the program wil l not run without this information). 

Inn the "Bank control - Set Voltage" menu, set the desired voltage of the capacitor 

bankk either with the scroll-up and -down control or typing the desired value. 

Presss "Charge" to start charging. 

Optional:: press "Charge" to stop charging. 

Presss "Fire" to discharge the capacitor in the load. 
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Presss "Dump" to remove the residual charge. 

3.5.2.23.5.2.2 Program specifics 

Thee program performs the correct sequence for charging, firing and dumping of the 

capacitorr bank. The status of the high-voltage relays is shown below the readout of the 

"Sett Voltage" menu. A log file is kept which includes the information about user, 

magnett and shot data. After a key is pressed, it generally changes its colour and the 

userr should verify this as the program may ignore the key press while it is 

communicatingg with the PLC. 

3.6.. Main operation and data acquisition 

3.6.13.6.1 Main operation 

Thee capacitor bank is charged at a maximal voltage of 5.5 kV by 

aa charging/discharging device. This communication is controlled by the above 

softwaree program on the DAQClient computer that is connected to 

thee charging/discharging device by a glass-fibre serial connection. 

Thee magnet coil is engaged by discharging this capacitor bank via an optically 

triggeredd thyristor stack. 

Dataa acquisition is performed on the DAQServer computer (controlling, 

collecting)) and then on the DAQClient computer (integrating, displaying). 

Thee latter one is connected to the DAQServer computer via a glass-fibre ethernet 

connection.. The DAQServer computer is isolated for voltages up to 6 kV. 

3.6.23.6.2 Data acquisition 

Thee induction voltages generated by the field pick-up, the magnetisation pick-up coil 

andd the Rogowski coil are amplified with standard low-noise operational amplifiers. 

Thiss analogue stage is also used to compensate for small imperfections in the 

compensationn of the pick-up coil. To avoid damage of the data-acquisition computer, 

thee analogue stage is in a separately grounded box with Zener-diode protection and 

spark-gap-voltagee limiters. For the data acquisition, eight channels 
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off  a 16 bits 100 kHz ADC are available. The ADC is triggered by the same optical 

signall  that is used to fire the thyristor. One of these channels is dedicated to the output 

off  the magnetic-field integrator. The second channel is used to collect the measured 

magnetisationn from the magnetisation pick-up coil. The third one is employed to 

measuree the current through the magnet coil by means of the Rogowski coil. All output 

valuess are in digital units and are stored by the data-acquisition server (DAQServer 

computer).. Digital integration then results in field and magnetisation data as displayed 

inn the DAQClient computer. This data processing is schematically illustrated 

inn Fig. 3.8. 
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Fig.Fig. 3.8 Data processing in the 20 Tpulsed-field magnet. 

Inn Fig. 3.9, we show the integrated signals of the magnetic field, the magnetic 

momentt and the electric current measured for an aged Fe60Pt4o alloy after a pulse field 

att a voltage of 4 kV. The electrical noise during data processing amounts to 0.4 îVs. 

Sincee magnetic and mechanical noises are of the same order of magnitude, this results 

inn an overall value of the order of 0.02 mAm2 for the resolution of the 

magneticc moment. 
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Fig.Fig. 3.9 Integrated data at a charge voltage of 4.0 kV. 

3.7.. Calibratio n 

3.7.13.7.1 Field calibration 

Thee field calibration has been carried out by using a standard sample, namely a 

Nd6Fei|Al33 single crystal that has well-defined jumps between 4.89 T and 5.29 T and 

11.866 T in the magnetisation curve measured at 77 K in the 40 T Amsterdam high-field 

installation. . 

Inn Fig. 3.10, we show the hysteresis loop of the Nd6FeuAl3 single crystal 

measuredd in the 20 T pulsed-field magnet and the magnetisation curve obtained in 

thee 40 T high-field installation. In both measurements, the magnetic applied field was 

perpendicularr to the basal plane with a maximal value of 14.5 T for the 20 T pulse 

magnett and 15 T for the 40 T magnet. The data obtained in the 20 T pulsed-field 

magnett are in good agreement with the 40 T high-field data. 

3.7.23.7.2 Magnetisation calibration 

Thee magnetisation calibration was done by using the saturation magnetisation of a 

single-crystallinee Ni sphere with a diameter of 1.9 mm. This standard sample has a 

magneticc moment of 1.864 emu at 293 K and 1.972 emu at 77 K. 
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Fromm the calibration, a final value for the sensitivity of the magnetisation pick-up coil 

off  0.031 Vs/Am2 was obtained [8]. 
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Fig.Fig. 3.10 Magnetisation curve of a Nd6Fei,Alj single crystal: 

measuredmeasured in the 20 Tpulse magnet (a) and measured in the 40 T high-field installation (b). 

3.7.33.7.3 Temperature testing 

Thee temperature controller has been calibrated for working with the Pt resistance 

thermometer.. As an example, the time dependence of the setting temperature (Tset) and 

thee sample temperature (Tmmpie), with a setting value of 20 °C, is presented in Fig. 3.11. 

Itt is worth to note that the value of Tsel is lower than the value of Tsample 

becausee the Pt resistance thermometer that measures Tse, is located at the bottom of 

thee heating coil. However Tsampie is measured by another Pt resistance thermometer in 

thee centre of the heating coil, close to the sample. The variation of the output voltage of 

thee power supply for the heater is also plotted in Fig. 3.11. As we can see, 

thee temperatures and the output voltage become stable after about 60 minutes. 

Thee difference between the values of Tse, and Tsampie in temperature range from 

-1000 °C up to 100 °C is plotted in Fig. 3.12. 
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3.8.. Conclusions 

Thee advantage of the new 20 T pulsed-field magnet is that it only takes about one hour 

off  experiment time to obtain the full magnetisation loop with rather high accuracy. By 

usingg the temperature controller, experiments can be performed up to 100 °C. By 

meanss of this new 20 T set up, we can cover the magnetic field and temperature ranges 

thatt are most relevant for hard-magnetic materials. 

Inn conclusion, a 20 T pulse magnet has been installed in which fast hysteresis 

measurementss can be performed with about 80 % field reversal. 
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Chapterr  4 

Structural ,, mechanical and magnetic 

propertiess of binary T-Pt alloys 

(TT = 3d metal) 

InIn this chapter, we will  give an extensive report of studies on 

TTxxPtPt100100--xx alloys where T is a 3d element. The changes in 

thethe structure, the mechanical and the magnetic properties obtained 

byby various types of heat treatments and by chemical substitutions 

willwill  be presented. 

4.11 Introductio n 

Fe-Ptt and Co-Pt alloys have attracted much attention due to their high magnetic 

anisotropyy in the ordered Ll 0 phase [1-3]. The advantage of these alloys lies in their 

abilityy to be produced as ingot permanent magnets, avoiding the complicated powder-

metallurgicall  manufacturing route. These magnets are also of high mechanical strength 

andd of unequalled corrosion resistance. Because of price considerations 

theyy are produced only in small quantities and mainly applied for medical implants. 

Prominentt examples are in dentistry or offshore applications. Recently, equiatomic 

FePt-- and CoPt-based films have been reported as promising candidates for ultra high-

densityy perpendicular recording [4-7]. 

Inn the phase diagram of these binary systems, for example in that of Fe-Pt as 

shownn in Fig. 4.1 [8], around the equiatomic composition one can observe 
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Fig.Fig. 4.1 Phase diagram ofFe-Pt [8]. 

aa disorder-order structural phase transition when the temperature decreases. The high-

temperaturee face-centred cubic (fee) phase (Al type) is an atomically disordered 

structuree that exhibits soft-magnetic properties. The low-temperature ordered phase 

crystallisess in a face-centred tetragonal (fct) structure (Ll 0 type). The latter phase has 

aa high uniaxial magnetocrystalline anisotropy, with Ku values of 6.6x107 and 

4.9xl077 J/m for FePt and CoPt [2], respectively, with the easy magnetisation direction 

alongg the c-axis. The hard-magnetic properties, therefore, can be obtained by annealing 

thee alloys at temperatures sufficiently below the fec-fet transformation temperature 

afterr quenching them from temperatures above the transformation temperature. 

Thiss phase transformation proceeds by means of nucleation and growth of the fct 

particless from the parent fee matrix. Furthermore, if a suitable heat treatment is used, 

onee can obtain sufficiently small fct particles, which makes it possible to control 

thee coercivity in these alloys by controlling the nucleation and growth of the fct 

particless during the phase transformation. 
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Itt has been reported that permanent magnets with good hard-magnetic 

propertiess can be made from Fe-Pt alloys containing small amounts of Nb [1]. 

Thee corresponding ingots were first homogenised at 1325 °C and then quenched in 

water.. The high coercivity is obtained after a subsequent isothermal ageing treatment 

performedd in a temperature range between 600 °C and 700 °C. Tanaka et al. [3] have 

studiedd aged Fe-Pt alloys which have high coercivities. According to these authors 

thee composition control is essential for reaching high coercivities. In aged alloys, 

optimall  coercivities were reached for 39.5 at. % Pt because the disordered fee phase 

transformss during quenching and can no longer act as pinning centers for domain 

walls.. They also showed that optimal coercivities are reached after heat treatments 

wheree the local stress associated with the fec-fet transformation is not yet released by 

twinn formation, and where the fct phase is still present in the form of nano-scale 

antiphasee domains. The antiphase domain boundaries between the single-domain 

particless act as pinning sites for domain-wall motion and in this way generate high 

coercivities.. A too long ageing treatment leads to particle growth so that the particles 

aree no longer single-domain particles. Consequently, the coercivity is reduced. 

Forr commercial permanent magnets, the coexistence of soft- and hard-

magneticc phases is usually desirable for obtaining large remanences. For example, 

manyy studies have been focused on two-phase magnets based on Nd2Fei4B in which 

or-Fee or F e^ is the magnetically soft phase and Nd2Fei4B is the hard phase [9]. These 

typess of systems can be described by the model of Kneller and Ha wig [10]. These 

authorss theoretically investigated a composite system that consists of two phases. The 

hard-magneticc phase (denoted by &-phase) has a large uniaxial magnetic anisotropy 

constantt Kk, and hence is able to generate a high coercivity. In contrast, the second 

phasee (denoted by m-phase) is magnetically soft with a higher magnetic-ordering 

temperaturee and a larger exchange energy (Am) than the hard-magnetic phase. These 

soft-- and hard-magnetic phases are assumed to be arranged in the alloy in an 

alternatingg fashion with particle sizes 2bm and 2bk, respectively. If the particle size bm 

off  the soft phase is smaller than a critical value of bcm = jt — —̂ , the magnetic 

momentss of the soft-magnetic grains will be coupled by exchange interaction with 
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thosee of the neighbouring hard-magnetic particles. Consequently, the magnetic 

momentss of the soft- and hard-magnetic particles will tend to align parallel to each 

otherr and along the easy magnetisation axis. Generally, the high saturation 

magnetisationn of the soft-magnetic phase leads to a high remanence of the composite 

magnet.. Therefore, remanence enhancement can be observed in such type of magnet, 

havingg a ratio between the remanence M, and the saturation magnetisation Ms 

characterisedd by M/Ms > 0.5 expected for an assembly of randomly oriented uniaxial 

magneticc particles. T-Pt alloys (T = 3d metal) that consist a soft-magnetic and a hard-

magneticc phase can conveniently be described by means of this model. 

Thee work in this chapter is aimed at finding the optimal hard-magnetic 

propertiess of binary T-Pt alloys with T being a transition metal. We will investigate 

thee changes in the structure, the mechanical and the magnetic properties that can be 

reachedd by various types of heat treatments and by chemical substitutions. The alloy 

withh optimal magnetic properties will be selected for further work. Also, 

thee mechanism responsible for the high performance magnetic properties in these 

alloyss will further be studied. 

Thiss chapter is organised as follows. First, we will briefly describe the sample 

preparationn and characterisation techniques. In the following sections, we will focus on 

studiess of structure, mechanical and magnetic properties of T-Pt alloys. 

4.22 Experimental 

Binaryy TKPtioo-x alloys (T = Fe, Co, Cr, Ni and Mn) were prepared by arc-melting 

stoichiometricc mixtures of the pure elements. The purity of the starting materials was 

att least 99.9 %. The alloys were cast and cut into cylindrical shape or disk-shape. 

Beforee the heat treatment, the samples were sealed into quartz tubes with 100 mbar 

atmospheree of purified Ar. 

Forr homogenisation, the samples were first annealed under the conditions 

indicatedd in Table 4.1 and then quenched in water (as-quenched sample). This was 

followedd by an ageing process at various temperatures between 600 °C and 700 °C 

withh different heating times to produce hard-magnetic properties. This process was also 

terminatedd by subsequent quenching in water (aged sample). 
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Tablee 4.1 Annealing conditions for homogenisation of TxPtIOo.x alloys. 

T T 

Fe e 

Co o 

Cr r 

Ni i 

Mn n 

Condition n 

13255 °C for 1 h (800 °C for 1 h for x = 67) 

9000 °C for 1 h (1000 °C for 1 h for x = 50) 

12000 °C for 1 h 

7500 °C for 1 h 

10500 °C for 1 h 

Thee crystallographic structure of the alloys was determined by X-ray 

diffractionn (XRD) measurements at room temperature. The homogeneity and 

thee chemical composition of several selected samples were checked by EPMA on 

aa SEM (JEOL JXA-8621). Microstructure analyses were carried out also by means of 

SEMM and additionally by TEM, Philips CM30T. 

Thee mechanical properties were investigated by means of a micro-hardness 

testerr Vickers 4902 of Wolpert and a home-made tensile-strength equipment. 

Too investigate the hard-magnetic properties, hysteresis-loop measurements 

weree mainly carried out at room temperature in magnetic fields up to 3-5 T in a SQUID 

magnetometerr and a vibrating-sample magnetometer (VSM). In several cases, 

measurementss were also performed at low temperatures down to 5 K and at high 

temperaturee up to 373 K (100 °C). Additionally, we measured magnetic-hysteresis 

loopss in high fields up to 15 T in a newly built pulsed-field magnet. The temperature 

dependencee of the magnetisation above room temperature was studied in a home-build 

Faradayy balance at temperatures up to 900 °C in an applied magnetic field of 0.05 T. 

4.33 Results and discussion 

4.3.14.3.1 FexPtI0O-.x 

Att high temperatures, the Fe-Pt phase diagram, as shown in Fig. 4.1, 

iss characterised by a range of complete solid solubility. The crystallographic structure 

iss a disordered fee structure over the whole solid-solubility range, in which the Fe and 

Ptt atoms statistically occupy the crystallographic sites. This high-temperature phase is 
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practicallyy useless for permanent-magnet applications because it does not show 

aa sufficiently high magnetic anisotropy, 

AA structural transformation takes place, however, when the rapidly cooled 

solidd solution FexPt10o-x alloys are annealed at lower temperatures. In three 

concentrationn areas (x * 25, x « 50 and x = 75), the fee phase transforms to an ordered 

phasee that depends on the composition. The applicability of Fe-Pt alloys as permanent-

magnett materials is based on the transformation of the disordered fee phase to 

ann ordered fct phase, occurring for alloys around the equiatomic composition. Only the 

latterr phase has a sufficiently high uniaxial magnetic anisotropy and an easy 

magnetisationn direction along the c-axis. To achieve a good permanent magnet, 

thee phase transformation must proceed in a way that the material has the suitable 

microstructure.. This microstructure strongly depends on the thermal history of the 

sample.. In the following sections, we describe the effect of different heat treatments 

andd chemical substitutions on the crystallographic structure, the microstructure, 

thee mechanical and the magnetic properties. 

4.3.1.4.3.1. J Crystallographic structure 

Fe-Ptt and Co-Pt alloys are known to have outstanding mechanical strengths. For this 

reason,, it is not possible to grind bulk material into powder that is needed for XRD 

measurements.. We, therefore, prepared the XRD samples in disk-shape with 

aa diameter of 3 mm by spark cutting. 

Firstly,, we consider a typical Fe60Pt4o sample. In Fig. 4.2, the XRD pattern at 

roomm temperature of as-quenched Fe60Pt40 is shown. In this diagram the main 

reflectionss (111) and (200) are of the fee structure. The pattern, however, also shows 

somee weak reflections that are absent in the XRD pattern of the pure fee Al type 

structure.. These reflections indicate the presence of fct phase even in the as-quenched 

statee and, therefore, are labelled "fct". The high background in the small-angle region 

iss due to the amorphous contribution of the glass cover of the sample holder. 

Inn order to study the effect of heat treatment on the progress of the fec-fet 

transition,, we annealed the as-quenched samples at 625 °C for ageing times varying 

fromm 1 to 10 h. The XRD patterns of the samples after each ageing process are shown 
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inn Fig. 4.3. The result of the as-quenched sample is also represented for comparison. 

Afterr ageing, we observe an increase in the intensity of the fct reflections such as 

(001).. In addition, with increasing ageing time, the (200)-fcc reflection splits 

increasinglyy into the (200) and (002)-fct reflections. The same tendency is also 

observedd for other reflections such as (220) and (311). This also indicates the 

appearancee of the fct phase, as the fcc-fct structural phase transition proceeds during 

thee ageing process. 

c c 

-S S 

CO O 
c c 
a; ; 

+—> +—> c c 

Fig.Fig. 4.2 XRD pattern of as-quenched Fe60Pt4l 

4.3.1.24.3.1.2 Microstructure 

Ann electron-probe micrograph of Fe6oPt4o is shown in Fig. 4.4. In this electron-probe 

microanalysiss (EPMA) image the bright area represents the main phase of the sample. 

Thee dark lines and spots are due to micro-cracks in the surface formed during 

samplee preparation. 

Accordingg to the EPMA result, the main matrix has the composition 

Fe6o.3(i.o)Pt39.7(i.o)) and is estimated occupy more than 99 % volume of the whole sample. 

Thee dark boundaries have the composition Fe60.6(i.o)Pt39.4(i.o)- It is present in very small 

amountss less than 1 % within the accuracy of the measurement. From this analysis, 

itt can be concluded that the prepared sample is practically single phase. 
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F;g.. 4.3 XRD diagrams for as-quenched Fe^oPt40 and after ageing at 625 °Cfor various times. 

Fig.Fig. 4.4 EPMA ofFe60Pt40. The main phase has the composition Fe60j(i.o)Pt39.7(i.o 

Otherr EPMA results on other FexPt]0o-x alloys are presented in Table 4.2. The 

resultss show that, within the accuracy of the determination, the actual compositions of 

thee samples as obtained by EPMA are the same as the nominal compositions. 
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Tablee 4.2 EPMA results for some FexPtioo-x alloys. 

Sample e 

Fe58Pt42 2 

Fe6oPt40 0 

Fe62Pt38 8 

Compositionn obtained by EPMA 

Fe58.6(1.0)Pt41.4(1.0} } 

Fe60.3(l.0^39.7(1.0) ) 

Fe62.6(1.0)Pt37.4(1.0) ) 

Moree information on the micro structure of Fe6oPt4o can be obtained by means 

off  optical microscopy. In Fig. 4.5 we show an optical-microscope picture of the surface 

off  as-quenched Fe6oPt4o-

Thee grain boundaries of the disordered fee parent phase can clearly be 

observed.. The result indicates that the fee particles have no preferential orientation, i.e. 

thee sample is isotropic. The average grain size of the fee particles can be estimated to 

bee about 10 |im. In order to investigate finer microstructures inside these fee grains, 

techniquess with higher resolution, such as TEM, are necessary. 

Inn Figs. 4.6a and b, we present the microstructures obtained by TEM of as-

quenchedd Fe6oPt4o and of the sample after ageing at 625 °C for 1 h, respectively. 

Inn these pictures, the dark-field (DF) images are shown, that have been obtained with 

thee electron beam close to a cubic direction of the fee structure, for example <100>, 

butt with a small angle of 5 ° from that axis. The reason for this is to obtain a good 

contrastt in the DF image. The image of the as-quenched alloy (Fig. 4.6a) shows a very 

finefine structure. On the other hand, in the aged sample (Fig. 4.6b) larger granular 

structuress can be distinguished. This illustrates the influence of the heat treatment on 

thee fec-fet transformation in the alloy. The brighter regions represent a complete 

transformation. . 

Inn Fig. 4.6, the selected area diffraction patterns (SADPs) are shown as inset 

inn the DF images. These patterns are close to a <100> zone-axis. The SADPs indicate 

thatt there is a substantial degree of atomic ordering in both the fee and the fct structure. 

Onee can clearly see the increase of intensity of the superstructure reflections, i.e. of the 

atomicc ordering, during the ageing. 
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Fig.Fig. 4.5 Optical-microscope picture of the surface of as-quenched Feb0Pt40. 

(a)(a) (b) 

Fig.Fig. 4.6 DF TEM and SADP images of as-quenched Fe60Pt40 (a) 
andand the sample aged at 625 °Cfor 1 h (b). 

Discussion Discussion 

Wee now give some comments on the structural characterisations of Fe6oPt40. Let us 

startt with the XRD results as presented in Fig. 4.3. It is interesting to consider the 

positionn of the original fee reflections, for example the fee (200) reflection. During the 

heatt treatment a splitting occurs, the fct (002) reflection shifting to a larger angle and 

thee fct (200) reflection shifting to a slightly smaller angle than that of the fee reflection. 

Consequently,, this leads to the change in the crystallographic parameters during the 

fec-fett transformation, which will be later confirmed by a calculation below. 
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Att the same time, an increase of the fct grain size is evidenced by a decrease of 

thee linewidth, for example that of the fct (001) reflection. 

Fromm the XRD results in Fig. 4.3 the lattice parameters were determined. For 

thee as-quenched sample the reflections labelled "fct" were ignored under the 

assumptionn that the presence of the fct phase does not influence the position of the fee 

reflections.. The same was assumed for the influence of the fee phase on the fct 

reflectionss of the aged samples. The derived lattice parameters a and c and the unit cell 

volumess Vcen calculated from the lattice parameters, as presented in Table 4.3. 

Thee increase of a and the decrease of c imply that, during the fec-fet phase transition, 

thee unit cell expands along the a-axis and contracts along the c-axis. A net volume 

contractionn of the unit cell VceM is observed. 

Tablee 4.3. Lattice parameters of as-quenched and aged Fe^ t̂  alloys. 

Sample e 

as-quenched d 

6255 °C, 1 h 

6255 °C, 2 h 

6255 °C, 5 h 

Structure e 

fee e 

fct t 

fct t 

fct t 

aa (A) 

3.7922  0.007 

3.7999  0.006 

3.801+0.004 4 

3.8000  0.003 

c(A) ) 

--

3.7599 8 

3.7511 6 

3.7499 7 

Kell(A 3) ) 

54.533 0 

54.255 7 

54.199 0 

9 9 

Thee fee particle size in as-quenched Fe^Pt̂  is estimated to be of the order of 

100 urn by means of optical microscopy {see Fig. 4.5). More detailed information on the 

microstructuree can be obtained by analysing the TEM images. In the DF image of as-

quenchedd FeöoPUo in Fig. 4.6a we can observe the existence of a number of fct 

particles.. This again confirms the results obtained by XRD analysis in which also some 

"fct""  reflections are found. The ageing process induces an increase of the number of fct 

particless and also the growth of these particles {see Fig. 4.6b). Depending on the 

thermall  history, the fct particle size increases from 1 -3 nm in the as-quenched sample 

too 2-5 nm in the sample aged at 625 °C for 1 h. The shape of the particles is globular. 

Inn the inset of the DF images in Fig. 4.6, superstructure reflections can be seen 

inn the SADP. The intensities of the superstructure reflections can be seen to vary with 
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ageingg time. This is an indication of the degree of atomic order. For example, 

thee degree of atomic ordering in the fee and fct phases in the as-quenched sample is 

lowerr than in the aged sample. No antiphase boundaries can be distinguished in 

Fe60Pt400 aged at 625 °C for 1 h, indicating a broad transition region between 

neighbouringg fct particles. This transition region, therefore, corresponds to a disordered 

regionn with the fee structure between the ordered Ll 0 particles. The relation between 

thee microstructure and the magnetic properties in the alloy will be discussed in 

Sectionn 4.3.1.4. 

4.3.1.34.3.1.3 Mechanical properties 

Besidess the requirements on the permanent-magnet properties, the mechanical 

propertiess of Fe-Pt alloys are also very important for technological and biomedical 

applications.. To determine the mechanical properties of a material, properties such as 

hardnesss and tensile strength are commonly investigated. An illustration of the 

hardnesss measurement is given on the left side of Fig. 4.7 in which a cubic imprint of 

thee diamond indenter is shown. On the right side, we present the measured hardness as 

aa function of the Fe content in FexPtioo-x alloys. 

Itt can be seen that the alloys become harder with increasing Pt content. An 

additionall  increase of the hardness is observed for the aged samples. The hardness of 

thesee alloys is clearly improved by the ageing process. For the aged samples, 

thee hardness is about 350-450 in Vickers units, which is approximately equal to 35-50 

onn the Rockwell C scale. These values are comparable to the hardness of a file band or 

off  cutting tools [11]. Therefore, the hardness of Fe-Pt alloys can meet the mechanical 

requirements. . 

Inn a simple set-up, we measured the tensile strength of Fe60Pt4o by detecting 

thee stress at which the sample breaks. In Fig. 4.8, the tensile-strength results are shown 

ass measured on as-quenched F e ^ t̂  and on a sample aged at 625 °C for 1 h. 

Thee tensile strength of the as-quenched sample is larger than that of the aged one, 

whichh is due to the growth of the fct grains in the aged sample. 
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Fig.Fig. 4.7 Illustration of a hardness measurement (left) and hardness ofFexPtWg.x (right). 
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Fig.Fig. 4.8 Tensile strength of as-quenched and aged Fe60Pt4l 

Forr comparison, we present in Fig. 4.9 the values of the tensile strength of 

Fe60Pt4oo and of some other well-known materials. The tensile strength of Fe6oPt4o is in 

thee range of 150-350 MPa, which is comparable to materials such as alumina and 

CuAgo.08%-- The latter alloy has for instance been used to wire the magnet coil of the 
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200 T pulsed-field magnet (see Chapter 3). In combination with the hardness testing, 

thee mechanical properties of Fe60Pt4o alloy are acceptable for application requirements. 

900 0 

Alloys s 

Fig.Fig. 4.9 Tensile strength of some materials. 

4.3.1.44.3.1.4 Magnetic properties 

a.a. Permanent-magnet properties 

Importantt features of the studied alloys are their permanent-magnet properties. For 

characterisationn of the performance of a hard-magnetic material, one generally uses 

parameterss as the remanence Br, the coercivity Hc and the energy product (S//)max. 

Thesee parameters were determined from magnetic-hysteresis loops measured in a 

SQUIDD magnetometer and a VSM. For this study, we prepared FexPtioo-x alloys with 

Fee content x from 55 to 67 at. %. In the first part of this section, we will present the 

hard-magneticc properties obtained on Fe6oPt4o at room temperature. 

Inn Fig. 4.10, we present the hysteresis loops of as-quenched Fe60Pt4o together 

withh the hysteresis loops of samples aged at 625 °C for different times. On the vertical 

axiss the relative ratio of the magnetisation and magnetisation at 5 T is plotted. In the 

loww field region, the slope of the virgin magnetisation curve is steep for the as-

quenchedd sample, in contrast to a steady increase of the slope of the aged samples, 



Structural,Structural, mechanical and magnetic properties of binary T-Pt alloys ... 55 

ass represented for the sample aged at 625 °C for 1 h. The relative ratio of the 

remanencee (Mr) and the magnetisation at 5 T (M5T), mr = MJM5T, is of the order of 0.65 

too 0.7. This is significantly higher than the value 0.5 expected for a single-phase 

isotropicc magnet [10]. 
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Fig.Fig. 4.10 Hysteresis loops of as-quenched Fe60Pt40 

andand after ageing at 625 °C for different times. 

Thee results also show that the remanence and the coercivity of the alloy are 

improvedd by ageing. The ageing induces a transition from the soft-magnetic fee phase 

too the hard-magnetic fct phase and therefore enhances the hard-magnetic properties of 

thee materials. Both the remanence and the coercivity increase with increasing ageing 

timee and pass through a maximum after about 1 h. 

Inn Fig. 4.11, the plots of the magnetic polarisation J (open points) and the flux 

densityy B (solid points) are shown as a function of the demagnetising field in the 

secondd quadrant of the hysteresis loop for Fe6oPt4o aged at 625 °C for 1 h. The 

remanencee is Br - 0.97 T and the intrinsic coercivities derived from J{H) and B(H) 

curvess are }HC = 321 kA/m and BHC = 294 kA/m, respectively. 



56 6 ChapterChapter 4 

1.0 0 

0.8 8 

^^ 0.6 

m m 
-,"" 0.4 

0.2 2 

0.0 0 

DD J _^ ,mJi rn-SBfP ! 

'' " B . ^ ^ ^ ^ r ^ ^ 

y^>+^ y^>+^ fS fS If If 
,HH =321 fiv/m" JJ c ^  „H =294 kA/m 

nn • n 
.. n  . , , 9 

-400 0 -300 0 -200 0 
HH (KA/m) 

-100 0 

Fig.Fig. 4.11 Demagnetising behaviour of Fe60Pt40 aged at 625 °C for 1 h. 
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1212 Effect of heat treatment on 

magneticmagnetic properties of Fe60Pt40. 
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Fig.Fig. 4.13 Effect of the Fe content on 

thethe magnetic properties of FexPtm_x alloys. 

Too investigate the effect of heat treatment on the magnetic properties of the 

alloy,, we have modified the ageing process. The modified conditions include changing 
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thee temperature within the range from 600 °C to 650 °C with ageing times up to 10 h. 

Inn Fig. 4.12, we show the dependence of the magnetic properties of Fe60Pt4o on ageing 

temperaturee and ageing time as determined from the hysteresis loops measured at room 

temperature.. The results show that, upon ageing, at all temperatures, the magnetic 

propertiess immediately improve, reaching an optimum after about 1-2 h of ageing and 

thenn degrading with increasing ageing time. 

Thee Fe content also plays a role in the optimal hard-magnetic properties of 

FexPt10o-xx alloys. We studied this on aged samples with different Fe contents and 

differentt heat treatments. In Fig. 4.13, we show the magnetic properties of FeJHioo-x for 

Fee content in the range x = 55-67 at. %. The best hard-magnetic properties are obtained 

att the composition x = 60 at. % with a remanence Br of 0.97 T, an intrinsic coercivity 

BHBHCC of 294 kA/m and an energy product (BH)max of 118 kj/m3 (14.8 MGOe). 

Hysteresis-loopp measurements were also carried out on aged Fe60Pt4o in the 

200 T pulsed-field magnet. In Fig. 4.14, the results are presented for Fe60Pt4o aged at 

6255 °C for 1 h. The highest applied magnetic field is 14.6 T. Both the remanence and 

thee coercivity slightly increase if the highest applied field is increased up to about 10 T. 

Abovee this field value, the magnetisation curve is already saturated, so that the change 

inn the magnetic properties is small. The maximal values for the hard-magnetic 

propertiess are Br = 0.98 T, BHC = 308 kA/m and (BH)max = 124 kJ/m3. 

b.b. Temperature dependence of the magnetic properties 

Fe60Pt4oo aged at 625 °C for 1 h exhibits the best hard-magnetic properties and is 

thereforee used for further analysis. From the hysteresis loops of this sample in fields up 

too 5 T and from T0 = 5 K up to room temperature, we can determine the temperature 

dependencee of the hard-magnetic properties as depicted in Fig. 4.15. From this result, 

thee following temperature coefficients are derived: a = -0.03 %/K for Sr, 

pp = -0.12 %/K for BH, and y = -0.11 %/K for (5//)max, in which, for example, 

aa = [Br (T0 +AT )/Br (T0) - I]M7X100 % {AT = 293 K). 

Thermomagneticc analysis (TMA), performed above room temperature in a 

Faradayy balance in an applied field of 0.05 T, is shown in Fig. 4.16 for as-quenched 

andd aged Fe6oPt4o-
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Fig.Fig. 4.14 High-field hysteresis loop of aged Fe60Pt4l 
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Fig.Fig. 4.15 Temperature dependence of hard-magnetic properties of aged Fe^oPt^ 
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Fig.Fig. 4.16 TMA of as-quenched Fe60Pt40 and after ageing at 625 "Cfor 1 h. 
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Fig.Fig. 4.17 TMA of as-quenched FexPt100.x alloys. 

500 0 

Thee results in Fig. 4.16 show that the magnetisation of both Fe6oPt4o samples 

increasess with increasing temperature. There is a maximum around 350 °C, which is 

welll  below the Curie temperature Tc. The Curie temperature of as-quenched Fe6oPt4o 

determinedd from the minimum of the derivative dM/dT is Tc = 382(5) °C. For the aged 

samplee a small shift of Tc toward a higher temperature of 389(5) °C is observed. 



60 0 ChapterChapter 4 

Thee temperature dependence of the magnetisation of the other as-quenched 

FexPt100-xx alloys is presented in Fig. 4.17. From these measurements, we can see that Tc 

decreasess with increasing Fe content, from 440(5) °C for x = 55 to 236(5) °C for 

xx = 67. 

Discussion Discussion 

Inn the hysteresis loop measured on the sample in the as-quenched state 

(Fig.(Fig. 4.10), a coercivity of 0.19 T is observed. This indicates that the hard-magnetic fct 

phasee is already present after quenching from high temperature, as mentioned also in 

connectionn with crystallographic structure and microstructure analysis (Sections 4.3.1.1 

andand 4.3.1.2). 

Thee remanence and the coercivity of the alloys are improved by ageing as 

presentedd in Fig. 4.10. Ageing induces a transition from the soft-magnetic fee phase to 

thee hard-magnetic fct phase. This transition leads to an increase of the magnetic 

anisotropy,, which is further enhanced by the increase of the degree of atomic ordering 

duringg the ageing. From the hysteresis-loop measurements, one can see that ageing at 

aa suitable temperature initiates the fec-fet phase transition that alters the magnetic 

propertiess of the samples. 

Thee change in remanence and the coercivity can be understood by taking 

thee microstructure analyses into account. One knows that for permanent magnets 

thee optimal magnetic properties depend not only on the magnetic anisotropy but also 

onn an appropriate microstructure of the phases in the materials considered. Based on 

thee above XRD and TEM analyses (see Figs. 4.3 and 4.6), we propose that a short 

ageingg time produces imperfectly ordered fct particles within the fee matrix. 

Thee degree of order of the Fe and Pt atoms in the fct structure is still low and therefore 

thee alloy has a low anisotropy and a concomitant low coercivity. A higher degree of 

atomicc ordering is achieved after longer ageing time. At the same time, also grain 

growthh of the fct particles occurs, leading to a higher anisotropy and initially also to 

aa larger coercivity. Upon prolonged ageing time, the atomic order is further improved. 

However,, further grain growth results in a deterioration of the coercivity, because 

thee latter depends on the particle size. 
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Forr the aged samples, for example after ageing at 625 °C for 1 h, the initial 

susceptibilityy is small compared to the as-quenched sample (see Fig. 4.10). This is 

ann indication that the high value of coercivity in Fe-Pt alloys originates from pinning of 

domainn walls. 

Besidess the occurrence of a high coercivity, it is worth to note that, in most 

agedd samples, the remanence ratio mr is between 0.65 and 0.7 which exceeds the 

theoreticall  value of 0.5 for a single-phase isotropic magnet [10]. This remanence 

enhancementt is evidence for the occurrence of exchange coupling in these alloys. 

Thiss is confirmed by the TEM results presented in Section 4.3.1.2. The microstructure 

off  the samples aged for a suitable time, for example at 625 °C for 1 h, consists of 

orderedd fct particles alternating with disordered fee regions. In combination with the 

magneticc measurements, we attribute the remanence enhancement observed in Fe60Pt4o 

too exchange coupling of the soft-magnetic fee matrix with the nano-size hard-magnetic 

fctt particles. This will be further discussed in Section 5.4 of Chapter 5. 

Thee best hard-magnetic properties are observed for the Fe60Pt4o sample after 

ageingg at 625 °C for 1 h. This material has a remanence Br of 0.97 T, an intrinsic 

coercivityy BHC of 294 kA/m and an energy product (BH)mM of 118 kJ/m3 (or 

14.88 MGOe). The alloy Fe67Pt33 displays soft-magnetic properties and also shows 

reasonablee mechanical properties. 

Thee maximum 

aroundd 350 °C in the 

M(T)M(T) curve in Fig. 4.16 

iss due to the Hopkinson 

effect.. This effect is 

causedd by the rapid 

decreasee of the 

magneticc anisotropy 

justt below the Curie 

temperature. . 
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Fig.Fig. 4.18 Curie temperature as a function 
ofFeofFe content in as-quenched FexPtm_x alloys. 
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Thee Curie temperature of as-quenched FexPt10o-x alloys has been derived from 

thee TMA in Fig. 4.17 and is plotted in Fig. 4.18. The value of Tc monotonously 

decreasess with increasing Fe content, which will be discussed in Section 4.4. 

4.3.24.3.2 CoxPt100-x 

Likee the Fe-Pt phase diagram, also the diagram of Co-Pt, presented in 

Fig.. 4.19 [8], is characterised by a range of complete solid solubility at high 

temperatures,, with a disordered fee structure in which the Co and Pt atoms are 

statisticallyy distributed over the crystallographic sites. As mentioned already for the 

Fe-Ptt alloys, the fee phase is not suitable for permanent-magnet applications because of a 

loww magnetic anisotropy. When CoxPt10ox alloys are aged at lower temperatures, 

aa transformation occurs. Around the equiatomic composition, there is a transformation 

too the ordered fct structure (Ll 0 type). Because the fct phase has a high uniaxial 

magneticc anisotropy with the easy magnetisation direction along the c-axis, materials 

withh this structure may be suitable as permanent-magnet material. The Curie 

temperature,, around 450-500 °C of the fct-phase CoxPt1(K).x alloys, is significantly 

higherr than of FexPtioo-x alloys but the Curie temperatures are lower than those of 

thee fee CoxPt,oo-x phase. 

Kanekoo et al. [12] have reported that hard-magnetic properties of 

thee equiatomic CoPt are obtained when the first homogenisation process at 1000 °C 

iss followed by two ageing processes at 700 "C and 600 °C. The first one is kept 

sufficientlyy short to prevent overageing. The authors suggest that, in the ageing step 

aroundd 700 °C, fine fct particles precipitate from the fee matrix whereas the second 

stepp at 600°C is necessary for improving the atomic order in the fct phase and for grain 

growth.. In this way, the magnetic anisotropy is increased. 

Inn the following, we will present studies on the structural, mechanical and 

magneticc properties of CoxPt]0o-x alloys with x from 45 to 55 at. %. 

4.3.2.14.3.2.1 Crystallographic structure 

Inn Fig. 4.20, we present the XRD diagrams of as-quenched Co50Pt5o homogenised at 

10000 °C. In this XRD pattern, there are no superstructure reflections of the fct phase 
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inn contrast to as-quenched Fe6nPt4o- This indicates that the disordered fee phase can 

easilyy be obtained in Co5oPt5o by quenching from high temperature. 
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F/'g.. 4.2/ A7?D patterns of Co50Ptso aged at 650 ° C for different times. 

Thee effect of heat treatment on the crystallographic structure of Co5oPt5o is 

studiedd on samples aged at 650 °C for different times from 0.5 h to 5 h. The XRD 

diagramss of the various aged samples are shown in Fig. 4.21 with the ageing time 

indicatedd above each XRD pattern. With increasing ageing time, the intensity of the fee 

reflectionss decreases and splits into fct reflections, for example the (200)-fcc reflection. 

Thee appearance of the fct reflections is proof for the fec-fet phase transformation. 

4.3.2.24.3.2.2 Microstructure 

Thee microstructure of as-quenched Co5oPt5o is investigated by optical microscopy and 

presentedd in Fig. 4.22. The grain boundaries of the isotropic fee matrix are clearly seen, 

thee average grain size of the fee particles being smaller than 10 |im. 

Thee EPMA picture of Co50Pt5o is presented in Fig. 4.23 and confirms that 

thee sample is single phase. Its composition is found to be Co50.o(i.o)Ptso.o(i.o)-
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Fig.Fig. 4.22 Optical-microscope picture of as-quenched CoS0Pt!: 

Fig.Fig. 4.23 EPMA ofCoS0Pt50with analysed composition ofCo500ll0)Pt 50.0(1.0}-50.0(1.0}-

Discussion Discussion 

Ass shown in Fig. 4.21, upon increasing ageing time, the (200) reflection of 

thee fee phase splits into the (200) and the (002)-fct reflections. This is also observed for 

thee other fee reflections such as (220) and (311). It forms the evidence for the 

occurrencee of the fec-fet phase transition in Co5oPt5o. During the heat treatment, 
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thee (002)-fct reflection shifts to a higher angle and the (200)-fct reflection shifts to 

aa lower angle with respect to the position of the (200)-fcc reflection. When the ageing 

timee is increased, an increase of the fct grain size can indirectly be observed from 

thee decrease of the line width, for example of the (OOl)-fct reflection. 

Fromm the XRD results, we have derived the lattice parameters of the as-

quenchedd and aged samples as shown in Fig. 4.21. The lattice parameters, and the 

derivedd unit-cell volumes Vce]h are also presented in Table 4.4. During the fcc-fct phase 

transition,, the lattice parameter a increases while c decreases, indicating that the unit 

celll  expands along the a-axis and contracts along the c-axis. A net volume contraction 

off  Vcel| is observed as well. 

Tablee 4.4 Lattice parameters of as-quenched and aged Co50Pt: 

Sample e 

as-quenched d 

6500 °C, 0.5 h 

6500 °C, 1 h 

Structure e 

fee e 

fct t 

fct t 

«(A) ) 

3.7622 3 

3.7822 4 

3.7877 4 

c(A) ) 

* * 
3.7133 3 

3.6999 6 

Vcel.. (A3) 

53.244 2 

53.111 6 

53.055 0 

4.3.2.34.3.2.3 Mechanical properties 

InIn Fig. 4.24, we present the hardness as a function of the Co content in CoxPt,oo-x 

alloys.. After ageing, the hardness of the aged samples has improved compared to the 

as-quenchedd samples. The hardness values for the aged sample are about 350 

(inn Vickers units), which is acceptable for mechanical requirements. 

Figuress 4.7 and 4.24 shows that FexPt100-x alloys exhibit a higher hardness 

thann CoxPt|oo-x alloys. Also, the hardness of CoxPt]0o-x alloys is less dependent on the 

compositionn of the 3d metal than that of FexPt]00-x alloys. 

4.3.2.44.3.2.4 Magnetic properties 

a.a. Permanent-magnet properties 

InIn Fig. 4.25, we present the hysteresis loops of as-quenched Co5oPt5o together with the 

loopss of samples aged at 650 °C. The initial susceptibility of the virgin magnetisation 
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curvee is very large for the as-quenched sample, in contrast to the low value for the aged 

samples,, as depicted for the sample aged at 650 °C for 1 h. There is no hysteresis in the 

loopp of the as-quenched sample. This indicates that the sample only consists of 

disorderedd fee phase. The remanence ratio mr - MJMST is as high as 0.7 to 0.75, much 

higherr than the value of 0.5 expected for a single-phase isotropic 

magnett [10]. 
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Fig.Fig. 4.24 Hardness of as-quenched and aged CoxPtl00.x. 
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Fig.Fig. 4.25 Hysteresis loops of as-quenched CosoPt5o 

andand after ageing at 650 °Cfor various times. 
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Fig.Fig. 4.26 Demagnetising behaviour of CoS0PtS0 aged at 650 °Cfor 1 h. 

Inn Fig. 4.26, plots of the magnetic polarisation J (open symbols) and the flux 

densityy B (closed symbols) are shown as a function of the demagnetising field for the 

samplee aged at 650 °C for 1 h. The remanence is Br = 0.72 T and the intrinsic 

coercivitiess derived from J(H) and B(H) curves are jHc = 435 kA/m and 

BBHHCC = 378 kA/m, respectively. 

Wee have analysed the magnetic properties of CoxPt10o-x alloys that have been 

agedd at different temperatures for different times. For the equiatomic alloy Co5oPt5o, 

thee heat treatment has also been carried out at different ageing temperatures and ageing 

times.. As shown in Fig. 4.27, the Co50Pt5o sample aged at 650 °C for 1 h displays the 

bestt hard-magnetic properties: Br - 0.72 T, BHC = 378 kA/m, (fi//)max = 89.4 kJ/nr and 

mmrr = 0.79. The coercivity of this alloy is higher than the coercivities observed in 

FexPt10o-xx alloys, which are in the range 300 kA/m. The remanence, however, is smaller 

thann that of aged Fe60Pt40. 

Forr the alloy with x = 45, the results indicate that the properties of this alloy 

agedd at 700 °C for 10 minutes have improved to Br = 0.63 T, BHC = 314 kA/m, 

(B//)max== 67 kJ/m and mr = 0.74. The coercivity is comparable to the values of 

FexPtIOo-xx alloys. After ageing at 600 °C for 2 h, the alloy with higher Co content, 
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xx = 55, displays good hard-magnetic properties: Br = 0.72 T, BHC = 224 kA/m, 

(fi/f) maxx = 66 kJ/m3 and mr = 0.70. 
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Fig.Fig. 4.27 Effect of the ageing conditions on 

thethe magnetic properties ofCo50PtS0. 
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Fig.Fig. 4.28 Effect of the Co content on 

thethe magnetic properties ofCoxPtl00_x alloys. 

Inn Fig. 4.28, we present the magnetic properties of CoxPt]0o-x alloys as 

aa function of Co content. As mentioned above, the best hard-magnetic properties are 

achievedd for Co5oPt5o aged at 650 °C in 1 h. 

b.b. Temperature dependence of the magnetic properties 

Thee thermomagnetic analysis (TMA) above room temperature of Co50Pt5o has been 

performedd in a Faraday balance in a magnetic field of 0.05 T. The results are presented 

inn Fig. 4.29 for the as-quenched sample and for samples aged for different times 

att 650 °C. 

Thee Curie temperature of as-quenched Co50Pt5o determined as the minimum of 

thee derivative dMIdT is 556(5) °C. This value is significantly higher than the 
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Curiee temperature of as-quenched and aged Fe6oPf4o, a difference that is common for 

Coo and Fe alloys. After ageing at 650 °C for different heating times, TMA was carried 

outt on the aged samples. The results show a shift of Tc to lower temperatures from 

536(5)) °C to 487(5) °C when the ageing time increased from 0.5 h to 5 h. For the 

ageingg time longer than 0.5 h, a clear maximum around 500 °C is observed. 
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Fig.Fig. 4.29 TMA on as-quenched and aged Co50PtS0. 

Co5oPt5oo aged at 650 °C for 1 h shows the best hard-magnetic properties and is 

thereforee used for further analysis. From the hysteresis loops in fields up to 5 T and in 

thee temperature range from 5 K to room temperature, we have determined the 

temperaturee dependence of the hard-magnetic properties as depicted in Fig. 4.30. The 

derivedd values for the temperature coefficients a for Br and /? for BHC are listed in 

Tablee 4.5, together with the results obtained before on aged Fe6oPt4o- We also have 

calculatedd the temperature coefficient for (B//)max, y = -0.04 %/K. 

Inn Table 4.5, the temperature coefficients of some commercial permanent 

magnetss are listed [13]. Compared to other permanent magnets, we see that the Co-Pt 

andd Fe-Pt permanent-magnet materials display stable characteristics for temperature 

variations,, which is a necessary condition for applications. 
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Fig.Fig. 4.30 Temperature dependence of the hard-magnetic properties of aged CoS0Pt 

Tablee 4.5 Temperature coefficients of some permanent magnets. 

Permanentt magnet 

Fe60Pt4o o 

Co5oPt5o o 

AINiCo o 

ferrite e 

SmCo5 5 

R2T17 7 

R2T]4B B 

a(%/K) ) 

-0.03 -0.03 

-0.01 1 

-0.02 2 

-0.20 0 

-0.045 5 

-0.03 -0.03 

-0.13 -0.13 

P(%IK) P(%IK) 

-0.12 2 

-0.10 0 

--

-0.27 7 

-0.4 4 

-0.2 2 

-0.6 6 

Discussion Discussion 

Fromm the small initial susceptibilty of Co5oPt5o aged at 650 °C for 1 h {see Fig. 4.25), 

wee can deduce that the high coercivity in Co-Pt alloys originates from pinning of 

domainn walls. 

-i-i  ' 1 ' r 

(BHWkJ/m 3 3 

_ii . i i i i i_ 
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Inn Figs. 4.25 and 4.27, it can be seen that the remanence and the coercivity of 

thee alloys are improved by ageing. This can be explained in terms of an increase of the 

magneticc anisotropy and by the development of an appropriate microstructure of the 

phasess in the materials during the ageing. 

Thee remanence ratio mr of Co5oPt5o is between 0.7 and 0.75, which exceeds 

thee theoretical value of 0.5 [10]. This remanence enhancement provides evidence for 

thee presence of exchange coupling in these alloys as mentioned above for Fe-Pt alloys. 

Thoughh TEM analysis was not performed on this sample, we still can indirectly 

confirmm this assumption by taking the XRD analysis into account. For the sample aged 

forr a suitable time at 650 °C for 1 h, the XRD pattern in Fig. 4.21 shows the 

coexistencee of disordered fee and ordered fct phase. In combination with magnetic 

behaviourr we attribute the remanence enhancement observed in Co-Pt alloys to 

exchangee coupling of the soft-magnetic fee phase with the hard-magnetic fct phase. 

Thee maximum in the temperature dependence of the magnetisation below 

Curiee temperature around 500 °C is due to the Hopkinson effect, as discussed already 

beforee for Fe-Pt alloys {see Section 4.3.1.4). 

4.3.34.3.3 Other TxPtl00.x alloys 

Wee have briefly investigated some TxPtioo-x alloys in which T is different from Fe 

orr Co. First, we present results on Cr^Pt^.,; alloys with x = 35, 40 and 45 at. %. These 

compositionn have been collected because in the phase diagram a disorder-order 

structurall  transition taking place around these values. 

Thee alloys with x = 35 and 45 show paramagnetic behaviour in the as-

quenchedd and aged states. As-quenched Cr40Pt60 is also paramagnetic. However, the 

magneticc properties of Cr^Pt ô are enhanced by ageing, followed by slowly cooling. 

Fig.. 4.31 shows hysteresis loops measured on a sample aged at 600 °C for 1 h and then 

cooledd in the furnace. The potential permanent-magnet properties, however, are 

inferiorr compared to the TxPt|oo-x alloys with T = Fe and Co. 

Alsoo Ni50Pt5o and Mn50Pt5o alloys have been briefly investigated. These 

sampless show paramagnetic behaviour as presented in Fig. 4.32. 
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Fig.Fig. 4.31 Hysteresis loop of as-quenched Cr40Pt60 and after ageing at 600 °Cfor 1 h. 
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Fig.Fig. 4.32 Hysteresis loop ofNi50Pt50 and MnS0PtS0 after ageing at 600 °C. 

4.44 Conclusions 

Inn this chapter, we have studied the crystallographic structure, 

thee microstructure, the mechanical and the magnetic properties of T-Pt alloys in which 

TT is a 3d metal. In this section, we will concentrate on the thermomagnetic properties 

off  Fe-Pt and Co-Pt alloys. 
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Inn general, the magnetic behaviour of an alloy of a T element (T = 3d metal) 

andd another element can be described in terms of a molecular-field model. In such 

aa model, amongst others, two parameters play an important role. The first is the 

numberr of T nearest neighbours to a T atom, denoted by Z77-. The second is the 

exchangee interaction between the T atoms, denoted by AJJ. 

Inn the disordered fee phase of T-Pt alloys (T = Fe or Co), the degree of the 

atomicc ordering is very low. During the disorder-order transformation, the atomic order 

increases.. In an equiatomic T50Pt50 alloy with ideally ordered fct structure, the T and Pt 

atomss are found in separate alternating layers stacked along the c-axis of the tetragonal 

structure.. In the case of the completely disordered fee structure, each lattice site 

hass 12 nearest-neighbour sites that are statistically occupied by T and Pt. Hence, 

aa given T atom has as an average Z ^ = 6 nearest neighbour T atoms. However, in the 

casee of the perfectly ordered fct structure, each T atom has only Z77- = 4 nearest-

neighbourr T atoms. 

AA similar situation exists for Fe6OPt40, i.e. a given Fe atom has more nearest Fe 

neighbourss in the disordered fee structure than in the ordered fct structure. The results 

shownn in Fig. 4.18 make clear that in the considered concentration range of the 

FexPtioo-xx alloys, a smaller number of Fe neighbours to an Fe atom leads to a increase 

inn Tc. This fact already partially explains the increase in Tc when going from fee to fct. 

However,, another effect also needs to be taken into account. In the fec-fet 

structurall  phase transition, the crystallographic unit cell is expanded along the a-axis 

andd contracted along the c-axis of the tetragonal structure. The distance between the T 

atomss in the fct phase, is therefore slightly larger than that in the fee phase. Moreover, 

thee fee phase is atomically disordered whereas the fct phase is atomically highly 

ordered.. This change in atomic order and to a certain extent also the increase in the T-T 

nearestt distance leads to a reduction of the bandwidth of 3d electrons of the T element. 

Consequently,, the splitting between the spin-up and spin-down subbands of the 3d 

electronss increases [14, 15], meaning that effectively the exchange interaction 

parameterr AJT increases. This latter factor leads to a higher Curie temperature of the fct 

phasee compared with the fee phase. In other words, the fec-fet transformation in T-Pt 
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alloyss leads to a decrease of Zjy but to an increase of An- Both changes may lead to an 

increasee of the Curie temperature in the Fe-Pt alloys. 

Inn CoxPt|oo-x alloys, the dependence of Tc on Co concentration is opposite to 

thatt of FexPt10o-x alloys [9]. Apparently, in the Co alloys, a smaller number of Co 

neighbourss leads to a lower Tc. The gradual shift to lower value of the Curie 

temperaturee in aged Co50Pt5o sample upon increasing ageing time can than easily be 

explainedd as follows. The analysis given above {see Sections 4.3.2.1 and 4.3.2.4) 

showss that as-quenched Co50Pt5o only consists of the disordered fee phase. In this 

phase,, the degree of atomic ordering is very low and ageing leads to a significant 

increasee of the amount of the atomically ordered fct phase. The number of Co nearest 

neighbourr to a given Co atom decreases and hence Tc decreases. Apparently, in 

CoxPt,oo-xx alloys, the effect of ACoco is of minor importance compared to that of ZCoc<>-

Thee experimental results indicate that Fe-Pt and Co-Pt can be used as 

materialss for permanent magnets. The best hard-magnetic properties are obtained for 

Fe6oPt400 after homogenisation at 1325 °C for 1 h, followed by ageing at 625 °C for 1 h: 

BBrr = 0.97 T, BHC = 294 kA/m and the energy product (fi//)max =118 kJ/m3; and Co50Pt50 

agedd at 650 °C for 1 h: Br = 0.72 T, BH, = 378 kA/m, (fltt)max = 89.4 kJ/m3. The high 

valuee of the coercivity in Fe-Pt and Co-Pt alloys originates from the pinning of domain 

walls.. Furthermore, the change in the coercivity depends on the degree of atomic 

orderingg of the Fe and Pt atoms in the fee and fct structures and on the fine 

microstructuree of the fct particles. The remanence enhancement in Fe-Pt and Co-Pt 

alloyss is related to the exchange coupling between the soft-magnetic fee phase and 

thee nano-size hard-magnetic fct particles. 

Bothh Fe-Pt and Co-Pt display good mechanical properties that can meet the 

requirementss for permanent-magnet applications. Due to its higher potential 

permanent-magnett application, we choose Fe6oPt4o for further analysis in the 

followingg chapter. 
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Chapterr  5 

Structural ,, mechanical and magnetic 

propertiess of ternary (Fe-Pt)M alloys 

(MM  = non-magnetic element) 

InIn this chapter, studies are presented on the structural, mechanical 

andand magnetic properties of {Feo^to.^ioo-Mx alloys in which M is 

aa non-magnetic element. The results show that the optimal hard-

magneticmagnetic properties are obtained for the alloys Fe59jPt39J^bQ5 and 

ff77Z'59.85Pt39.9AZ'59.85Pt39.9A lo. 25-

5.11 Introductio n 

Inn the previous chapter, it has been shown that binary Fe-Pt alloys, particularly the one 

withh composition Fe^Pt ,̂ display powerful hard-magnetic properties and also good 

mechanicall  properties. Already after quenching from high temperature, Fe60Pt4o shows 

aa coercivity of 0.19 T. This is related to the presence of 

aa small amount of fct particles embedded in an fee matrix. Further heat treatment leads 

too a fast growth of these fct particles even after short ageing time, for example 1 h at 

6255 °C. Therefore, the fec-fet transformation and the microstructure cannot easily be 

controlled.. It is desirable to perform heat treatments with longer ageing time or at 

lowerr ageing temperature, which may change the kinetics of the fec-fet transformation. 

Itt was reported by Watanabe [1] that, by adding small amounts of Nb to Fe-Pt 

alloys,, the ageing can be carried out in the temperature range of 600-650 °C for periods 

longerr than 10 h. In this chapter, we report the properties of some ternary alloys based 
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onn the composition (Fe0.6Pto.4)ioo-xMx in which M is a non-magnetic element such as Nb 

andd Al. The effect of the heat treatment and the third additional element on 

thee structural, mechanical and magnetic properties will be presented. The results show 

thatt the optimal hard-magnetic properties are obtained with small amounts of 

thee additional element, such as Fe59.7Pt398Nb05 and Fe59.85Pt39.9Alo.25. Besides, 

thee ageing time and the ageing temperature can be widely varied. Finally, permanent 

magnetss based on those ternary alloys are superior to magnets based on the binary 

alloyy Fe6oPt40. 

Thiss chapter is organised as follows. As usual, the first section concerns 

thee sample processing and characterisation techniques. The investigation of 

thee physical properties is presented and discussed in the following sections. 

5.22 Experimental 

Alloyss with the chemical formula (Fe0.6Pto.4)ioo-xMx in which M represents Nb, Al, Zr, 

Tii  and Ag and x < 5 at. % were prepared by arc-melting appropriate amounts of the 

puree elements (3N) under purified-argon atmosphere. The melted alloys were cast and 

cutcut into cylindrical or disk-shape. After a first homogenisation at 1325 °C under argon 

atmospheree and quenching in water (as-quenched sample), the samples were aged 

againn at various temperatures between 500 °C and 650 °C (aged sample). 

Wee investigated the crystallographic structure of the alloys by X-ray 

diffractionn (XRD) measurements at room temperature. The electron probe 

microanalysiss (EPMA) on a scanning electron microscope (SEM) was employed 

too check the homogeneity and the chemical composition of several selected samples. 

Thee microstructure was analysed by optical microscopy, SEM and transmission 

electronn microscopy (TEM) techniques. 

Thee mechanical properties were investigated by means of a micro-hardness 

testerr Vickers 4902 of Wolpert and a home-made tensile-strength equipment. 

Finally,, we determined the hard-magnetic properties of the alloys from 

thee magnetic hysteresis-loops measured in magnetic fields up to 5 T in a SQUID 

magnetometer.. Additionally, we also measured hysteresis loops in pulsed fields up to 

155 T. The temperature dependence of the magnetisation above room temperature 

http://Fe59.85Pt39.9Alo.25
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wass studied in a home-build Faraday balance at temperatures up to 900 °C in 

ann applied magnetic field of 0.05 T. 

5.33 Results and discussion 

5.3.15.3.1 (FeQ,6PtOA),00.xNbx 

5.3.1.15.3.1.1 Crystallographic structure 

Inn Fig. 5.1, we present the XRD pattern at room temperature of a typical as-quenched 

Fe599 7Pt39 8Nb0.5 sample. The experiments were carried out on samples of disk-shape 

withh a diameter of 3 mm. The fee structure of the sample is characterised by the main 

reflectionss (111) and (200). At about 22 degrees, a very small and broad peak, labelled 

"fct" ,, appears, indicating the existence of a small amount of fct phase. It is also 

possiblee that this broad peak is associated with some atomic ordering within 

thee fee phase. 

Thee as-quenched sample was subjected to further heat treatment in order to 

investigatee the effect on the progress of the fec-fet structural phase-transition and on 

otherr properties. In the lower panels of Fig. 5.1, the XRD diagrams are presented of 

sampless aged at 625 °C for different times varying up to 48 h. The influence of 

thee ageing process on the fec-fet structural phase-transition can be inferred from 

thee change in these XRD patterns. At longer ageing time, the intensity of the fct (001) 

reflectionn increases and other fee reflections, such as (200), (220) and (311) split into 

doublee reflections as expected for formation of the fct structure. 

5.3.1.25.3.1.2 Micro structure 

Thee electron-probe micrograph of Fe59 7Pt39 8Nb05 is shown in Fig. 5.2. 

Thee whole sample is characterised by bright areas in this picture. The black lines 

representt grain boundaries between the original fee grains. EPMA indicates that 

thee sample is single phase with composition Fe59.6(1o)Pt39.8(i.o)Nb0.6(i.o)*  which is very 

closee to the nominal composition. 

Thee microstructure of Fe59.7Pt39gNb05 was also studied using different 

techniques.. In Fig. 5.3, an optical-microscopy picture of as-quenched Fesg^Pf̂ gNb0,5 is 

shown.. The average size of fee particles is about 10 jj.m. 
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Fig.. 5./ XRD patterns of as-quenched FeS97Pt39gNb05 

andand after ageing at 625 °Cfor various times. 

Fig.Fig. 5.2 EPMA of the Fe5gjPtj9SNb0S. The main matrix 
(bright(bright area) has the composition Fe596{! 0jPt39g(LO)Nbo.6(i.o). 
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Fig.Fig. 5.3 Optical-microscopy picture of as-quenched Fe597Pt398Nb05. 

Thee microstructure is further investigated by TEM as depicted in Fig. 5.4 for 

as-quenchedd and aged Fe59.7Pt39.8Nbo.5. The TEM picture consists of the dark-field (DF) 

imagee and the selected-area diffraction pattern (S ADP) that is shown as inset of the DF 

image.. The DF images were obtained with the electron beam direction a few degrees 

offf  a <100> cubic direction. The SADPs in Fig. 5.4 are all close to a <100> zone-axis, 

exceptt for the sample aged for 24 h that was about 9° off such an axis. 

Forr different heat treatments, the contrast in the DF images is different, which 

reflectss a change in microstructure during the ageing process. In the as-quenched 

sample,, very small fct grains can be seen as small bright spots. When the ageing time is 

increased,, these regions become more clear and also grow because more fee phase is 

transformedd into fct phase. The size of the fct particles increases from below 1 nm for 

thee as-quenched sample up to 16 nm after ageing at 625 °C for 48 h. The intensity of 

thee spots in the SADP image is also related to the degree of atomic ordering in the 

fec/fett structures. The longer the ageing time is, the stronger the intensity of the 

observedd superlattice reflection. 
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Fig.Fig. 5.4 DF TEM and SADP images of as-quenched Fe5v7PtlgsNb05 

andand after ageing at 625 °C. The ageing time is indicated below the SADP image. 

Discussion Discussion 

Thee XRD measurements in Fig. 5.1 show that, with increasing ageing time, the 

(002)-fctt reflection moves to larger angle and the (200)-fct reflection slightly shifts to 

smallerr angle compared to the fee reflection. This implies a distortion of 

thee crystallographic unit cell, associated with the fec-fet transformation. The decrease 

off  the linewidth, for example of the (001 )-fct reflection, reflects the growth of the fct 

grainss during ageing. 

Thee lattice parameters a and c, derived from the XRD patterns, are shown in 

Tablee 5.1. The tetragonal unit cell is expanded along the a-axis and contracted along 

thee c-axis with respect to the fee cell. The fct unit-cell volume of the fct is 

slightlyy smaller. 
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Tablee 5.1 Lattice parameters of as-quenched Fe59 7Pt39 8Nb0 5 and after ageing at 625 °C. 

Sample e 

as-quenched d 

6255 °C, 12 h 

6255 °C, 24 h 

Structure e 

fee e 

fct t 

fct t 

«(A) ) 

3.7855 + 0.003 

3.7999 6 

3.801+0.004 4 

c(A) ) 

--

3.7599 8 

3.7511 6 

Veenn (A : ') 

54.222 2 

54.255  0.29 

54.199 0 

5.3.1.35.3.1.3 Mechanical properties 

Inn Fig. 5.5, the hardness as measured by the Vickers method is plotted as 

aa function of Nb content for as-quenched and aged (Fe0.6Pto.4)ioo-xNbx samples. 

Forr the as-quenched samples the hardness slightly decreases with increasing Nb 

contentt from 380 (in Vickers units) for x = 0 to 330 for x = 3 at. %. 
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Fig.Fig. 5.5 Hardness of(Fe06Pto.4)]oo-xNbx alloys. 

Thee hardness of the aged samples, fluctuating around 430, is stronger than 

thatt of the as-quenched samples. This improvement was also observed in the binary 

T-Ptt alloys (T = 3d metal). The hardness of (Feo.6Pto.4)ioo-xNbx alloys falls into the 

rangee of 330-470 Vickers units (or 35-50 on the Rockwell C scale [2, 3]) and, 

therefore,, is suitable for applications. 
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Fig.Fig. 5.6 Tensile strength of as-quenched and aged Fe597PtjVSNb05. 

Wee also measured the strength of Fe59.7Pt39 8Nb0.5 by means of a home-made 

tensile-strengthh equipment. The results for as-quenched Fe597Pt398Nb05 and for sample 

agedd at 625 °C for 24 h are presented in Fig. 5.6. The latter alloy shows a tensile 

strengthh of about 130 MPa, which is lower than that of the as-quenched sample with 

aa tensile strength of about 325 MPa. Compared to the tensile strength of other materials 

([2,, 3], Fig. 4.10), one can see that these alloys are acceptable as to mechanical 

requirements. . 

5.3.1.45.3.1.4 Magnetic properties 

a.a. Permanent-magnet properties 

Thee magnetic properties of an alloy are characterised by parameters as 

thee remanence Bn the coercivity Hc and the energy product (BH)m.dX. The quantities can 

bee obtained from magnetic hysteresis-loop measurements. In this part, we first present 

thee magnetic properties of Fe59.7Pt39.8Nb0.5 at room temperature. After homogenisation 

att high temperature, a second heat treatment was carried out in the temperature range 

beloww the fcc-fct transformation to develop the hard-magnetic properties. 

--

--
aged d 

as-quenched d 

11 . 1 . 1 . 1 . 1 . 1 
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Fig.Fig. 5.7 Hysteresis loops of as-quenched FesgjPt39sNb0,s 
andand of samples aged at 625 °Cfor different times. 

Inn Fig. 5.7, the hysteresis loop of as-quenched Fe59 7Pt39 8Nb0.5 is plotted 

togetherr with the hysteresis loops of samples aged at 625 °C for different heating 

times.. Remanence enhancement can be derived from the high ratio between 

thee remanence and the magnetisation at 5 T, 0.65 <mr = MJM5T<  0.70. The maximum 

valuee is obtained after 24 h of ageing. The virgin magnetisation curve is also presented 

inn Fig. 5.7. One can see that the magnetisation increases strongly in the curve for the 

as-quenchedd sample, whereas the magnetisation remains very low for the aged sample. 

Ass mentioned already in the section of the binary alloys, the latter behaviour points to 

pinning-controlledd coercivity. 

Besidess the remanence enhancement, the coercivity of the alloy is also 

improvedd by ageing. Both the remanence and the coercivity increase with increasing 

ageingg time, reaching a maximum after about 24 h. Based on the second quadrant of 

thee hysteresis loop, the intrinsic coercivity is derived to be jHc = 326 kA/m and 

BHBHCC = 302 kA/m for the sample aged at 625 °C for 24 h. 

Inn Fig. 5.8, we present the dependence of the magnetic properties of 

Fe59.7Pt39.gNbo.55 on the ageing temperature, between 600 °C and 650 °C, and 
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onn the ageing time up to 60 h. The results show that, when the ageing time is increased, 

BBrr and BHC reach a maximum at a certain ageing time that depends on the ageing 

temperature.. The higher the ageing temperature, the shorter the ageing time necessary 

too obtain the maximum and vice versa. The optimal magnetic properties, therefore, 

cann only be achieved under a suitable heat treatment. 
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Fig.Fig. 5 88 Magnetic properties ofFe597PtMgNb05 

(m:(m: 600 °C, o: 625 °C,  650 °C). 
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Fig.Fig. 5.9 Effect of Nb composition on the 
magneticmagnetic properties of {Fe0fft04)ioQ_xNbx alloys. 

Otherr (Fe0.6Pto.4)ioo-xNbx alloys were also subjected to heat treatment 

too investigate the effect of Nb on the hard-magnetic properties. The optimal magnetic 

propertiess for each Nb content in the range x = 0.25 - 5 at. % are plotted in Fig. 5.9. 

Thee magnetic properties of the binary Fe60Pt40 are also presented. The values of Br and 

BBHHCC slightly change at small Nb content and for x > 3 at. % the magnetic properties 

stronglyy degrade. The best hard-magnetic properties are obtained for the composition 

xx = 0.5 at. % after ageing at 625 °C for 24 h. This leads to a remanence Br of 0.98 T, 

ann intrinsic coercivity BHC of 302 kA/m and an energy product (BH)max of 125 kJ/m3 

(15.66 MGOe). These results are better than the hard-magnetic properties of the binary 

Fe60Pt4oo alloy. 
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Fig.Fig. 5.10 High-field hysteresis loop of aged Fe59jPt39.gNbas-

Thee hysteresis loop of Fe59.7Pt39.8Nbo.5 aged at 625 °C for 24 h was also 

measuredd in a pulsed field of 14.6 T (Fig. 5.10). Both remanence and coercivity 

slightlyy increase with increasing maximum applied field up to about 10 T and 

thee maximal values for the hard-magnetic properties are Br = 0.99 T, BHC = 316 kA/m 

andd (BH)mm =131 kJ/m3 (16.4 MGOe). 

b.b. Temperature dependence of the magnetic properties 

Firstly,, we present the thermomagnetic behaviour of Fe59 7Pt39 8Nb0.5 aged 

att 625 °C for 24 h, which shows best hard-magnetic properties. To evaluate 

thee applicability of this permanent-magnet material, we measured the hysteresis loops 

inn fields up to 5 T from 5 K up 373 K. The hard-magnetic properties are plotted as 

aa function of temperature in Fig. 5.11. With increasing the temperature, Br slowly 

decreasess and BHC drops faster. From these dependencies, we derive the temperature 

coefficientss as a = -0.04 %/K for Bn p = -0.12 %/K for BHC and / = -0.12 %/K for 

(BH)(BH)maxmax.. These coefficients are of the same order as for aged Fe60Pt40. 
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Fig.Fig. 5.11 Temperature dependence of the hard-magnetic properties of aged Fe5g7Pt39flNbl)S. 

Thee temperature dependence of the magnetisation measured in 0.05 T in 

thee Faraday balance is plotted in Fig. 5.12 for as-quenched Fe59 7Pt39 8Nb05 and after 

244 h ageing at 625 °C. The result shows that the magnetisation increases with 

increasingg temperature and passes through a maximum around 300 °C and 370 °C for 

thee as-quenched and the aged sample, respectively. 

Thee Curie temperature Tc is determined as the minimum of the derivative 

dMIdT.dMIdT. The value of Tc shifts from 340(5) °C for the as-quenched sample to 400(5) °C 

forr the aged sample. 

Inn Fig. 5.13, the temperature dependence of magnetisation is presented for 

variouss as-quenched (Fe06Pt{).4)ioo.xNbx alloys. Tc decreases with increasing Nb content 

fromm 339(5) °C for x = 0.25 to 283(5) °C for x = 5 at. %. 
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Fig.Fig. 5.13 Temperature dependence of the magnetisation 
ofof as-quenched (Feo^Pt04)i00.xNbx alloys. 

5.3.25.3.2 (Fe0.6Pto.4)ioo-.Alx 

5.3.2.15.3.2.1 Crystallographic structure 

Thee XRD patterns at room temperature of a typical as-quenched Fe59.85Pt39 9A10,25 

samplee are presented in Fig. 5.14. Besides the main reflections of the fee phase, 
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wee also observe a broad (001) reflection. Upon further heat treatment, for instance at 

5255 °C, the intensity of this (001) reflection increases and the (200) reflection splits 

intoo the double reflection of the fct structure. 
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Fig.Fig. 5.14 XRD patterns of as-quenched Fe59gSPt3ggAl02s 

andand after ageing at 525 °C for various times. 

Fromm the XRD patterns, we derived the lattice parameters a and c as listed in 

Tablee 5.2. The distortion of the crystallographic unit cell is characterised by 

ann expansion of a and a contraction of c. 

Tablee 5.2 Lattice parameters of as-quenched Fe59.g5Pt399Alo.25 and after ageing at 525 °C 

forr 24 h. 

State e 

as-quenched d 

aged d 

Structure e 

fee e 

fct t 

aa (A) 

3.7900  0.005 

3.7999  0.006 

c(k) c(k) 

3.7711 0 

Veenn (A3) 

54.444  0.22 

54.422  0.32 

http://Fe59.g5Pt399Alo.25
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5.3.2.25.3.2.2 Microstructure 

Thee quality of the prepared Fe59.g5Pt39.9Alo.25 sample was checked by EPMA. 

Ass depicted in Fig. 5.15, the result only shows a bright matrix with the composition 

Fe6o.o(i.o)Pt39.8(io)Alo.2(i.o)-- No other phase was distinguished and the sample is single 

phasee with the expected composition. 

Fig.Fig. 5.15 EPMA of FesgnSPt399Al0,25. The main matrix has composition 
FeFe6060.o(i.o)Ph9.8(i.oAio.2(i.o)-.o(i.o)Ph9.8(i.oAio.2(i.o)- The black lines and spots are due to micro-cracks on the surface. 

Fig.Fig. 5.16 Optical-microscopy picture of as-quenched Fe59n5Pt3g9AI025. 

http://Fe59.g5Pt39.9Alo.25
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Thee microstructure of Fe59.g5Pt39.9Alo.25 was analysed by optical microscopy 

togetherr with SEM and TEM. In Fig. 5.16, an image of the surface of as-quenched 

Fe59.85Pt39.9Alo.255 is shown. Random fee particles with an average size of about 10 u.m 

aree observed. 

Fig.Fig. 5.17 DF TEM and SADP 

imagesimages of as-quenched 

FeFe5959,,8585PtPt399399Alo.2sAlo.2s and 

afterafter ageing at 525 °C. 

TheThe ageing time is indicated 

belowbelow each image. 

Inn Fig. 5.17, we present the microstructure of as-quenched Fe59.g5Pt39.9Alo.25 

andd aged samples obtained with TEM. The DF images were obtained of samples with 

differentt heat treatments, by employing a 100 type reflection with the electron-beam 

directionn a few degrees off a <001> cubic direction. The SADPs are shown as inset in 

thee DF images. These patterns are close to a <100> zone-axis. Depending on 

thee thermal history, the size of the fct particles increases from 1-2 nm for the as-

quenchedd samples, and to 3-7 nm for the sample aged at 525 °C for 24 h. The shape 

off  the particles is globular. 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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5.3.2.35.3.2.3 Mechanical properties 

Inn Fig. 5.18 we present the hardness of (Fe0.6Pto.4)ioo-xAl x alloys as a function of Al 

content.. The average hardness of as-quenched (Fe0.6Pto.4)ioo-xAlx is approximately 370 

(inn Vickers units). After ageing, an increase of the hardness is observed, leading to 

aa value of about 450. Both values are comparable to the hardness of file band or cutting 

toolss [4, 5]. 
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Fig.Fig. 5.18 Hardness of(Feo.ePto.dioo-x^h alloys. 
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Fig.Fig. 5.19 Tensile strength of as-quenched and aged Fe5985Pt3g9Al01 
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Inn Fig. 5.19, we show tensile-strength measurements made on as-quenched 

Fe59.g5Pt39.9Alo.255 and on a sample after ageing at 525 °C for 24 h. The tensile strength 

off  the as-quenched sample, 325 MPa, is larger than that of the aged one, which is 

aboutt 140 MPa. 

5.3.2.45.3.2.4 Magnetic properties 

a.a. Permanent-magnet properties 

Thee hysteresis loops of as-quenched Fe59.85Pt39.9Alo.25 and of the samples aged at 

5255 °C are plotted in Fig. 5.20. The vertical axis refers to the relative ratio MIM5T, 

whichh for the remanence is in the range between 0.65 and 0.70. 
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Fig.Fig. 5.20 Hysteresis loops of as-quenched Fesgs5Pt399Al025 
andand of samples aged at 525 "Cfor different times. 

Inn the low-field region, the change of the virgin magnetisation of the sample 

agedd at 525 °C for 24 h is very small compared to the as-quenched sample, as has been 

discussedd already for the Nb-containing alloys. Besides the remanence enhancement, 

alsoo the coercivity of the alloys is improved by ageing. Both the remanence and 

thee coercivity increase with increasing ageing time and pass through a maximum at 

aboutt 24 h. The intrinsic coercivity of the sample aged at 525 °C for 24 h was derived 

JJ 1 L 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
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fromm the second quadrant of the hysteresis loop to be jHc = 320 kA/m and 

BBHHCC = 300 kA/m. 

Too investigate the effect of heat treatment on the hard-magnetic properties of 

thee alloys, we have varied the ageing temperature and the ageing time. In Fig. 5.21, 

wee show the dependence of the magnetic properties of Fe59.g5Pt39.9Alo.25 on those 

parameters.. Br and BHC reach a maximum after 24 h of ageing at 525 °C. 

Additionally,, we studied the magnetic properties of other (Fe0.6Pto.4)ioo-xAlx 

alloys.. In Fig. 5.22, we show the optimal magnetic properties of (Feo.6Pto.4)ioo-xAlx 

alloyss as a function of Al content. The best hard-magnetic properties are obtained for 

thee composition x = 0.25 at. % after ageing at 525 °C for 24 h, with a remanence Br 

off  1.02 T, an intrinsic coercivity BHC of 300 kA/m and an energy product (Z?//)max 

off  132 kJ/m3 (16.5 MGOe). Those values are higher than the values obtained for 

thee binary Fe^Pt̂  and even higher than those obtained for Fe59 gPt^Nbt» 

Hysteresis-loopp measurements on Fe59 85Pt39 9AI0.25 were also carried out in 

thee pulsed-field magnet. In Fig. 5.23, the measurement in a field up to 14.6 T is 

presentedd for Fe59g5Pt39.9Alo.25 aged at 525 °C for 24 h. Both remanence and coercivity 

slightlyy increase with increasing maximum applied field up to about 10 T and 

thee maximal values for the hard-magnetic properties are Br = 1.02 T, BHC = 316 kA/m 

andd (BH)max = 137 kJ/m3 (17 MGOe). 

b.b. Temperature dependence of the magnetic properties 

Too analyse the temperature dependence of the magnetic properties, 

wee employed Fe59.g5Pt39.9Alo.25 aged at 525 °C for 24 h. From the hysteresis loops of 

thiss sample in Fields up to 5 T and from 5 K up to 350 K, the hard-magnetic properties 

weree determined at each temperature as depicted in Fig. 5.24. With increasing 

temperature,, Br degrades less than BHC. The temperature coefficients a = -0.06 %/K 

forr Br, p = -0.15 %/K for BHC and 7= -0.17 %/K for (fi//)max are comparable to the 

valuess for aged F e ^ t^ and Fe59.8Pt39 9Nb0.5 alloys. Apparently, the hard-magnetic 

propertiess of these Fe-Pt based alloys are thermally more stable than of commercial 

permanentt magnets, such as the magnets based on rare earth elements [4]. 

http://Fe59.g5Pt39.9Alo.25
http://Fe59g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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Fig.Fig. 5.21 Magnetic properties of Fig.Fig. 5.22 Effect of Al composition on the 
FeFe5g5ĝ Pt^Pti9i9gAlgAl020255 (m:500 °C, o:525 °C, ''.SSO °C). magnetic properties of (Fe0,6Pto.4)ioo-.AL alloys. 

C\J J 

E E 
< < 

100 100 

80 0 

60 0 

40 0 

20 0 

0 0 

-20 0 

-40 0 

-60 0 

-80 0 

-100 0 
-12 2 00 4 

M0HH (T) 

ii I 

i . i . i . . I I 
ii  . i . i . i 

12 2 16 6 

Fig.Fig. 5.23 High-field hysteresis loop of aged FeS9nSPtj99Al02s. 
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Fig.Fig. 5.24 Temperature dependence of the hard-magnetic properties of aged Fe59S5Pt3ggAl0,25. 
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Fig.Fig. 5.25 Temperature dependence of the magnetisation 
ofof as-quenched (Fe0,f,Pt04)i00.xAlx alloys. 

Thee results of thermomagnetic measurements on as-quenched 

(Feo.6Pto.4)ioo-xAlxx are shown in Fig. 5.25. For all alloys, a maximum in 
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thee magnetisation is observed around 350 °C. The Curie temperature Tc is determined 

ass the minimum of the derivative dMIdT. With increasing Al content, the Tc values 

decreasee from 385(5) °C for x = 0.1 to 366(5) °C for x = 1 at. %. For x = 0.25, also 

thee temperature dependence of the magnetisation of the sample aged at 525 °C for 24 h 

iss presented in Fig. 5.27 (solid squares). In this sample, Tc increases to 408(5) °C, 

comparedd to 384(5) °C for the as-quenched sample. 

5.3.35.3.3 Other (Fe0.6Pto.4)ioo-^Mx alloys 

Thee above studies show that a small addition of a third element to Fe-Pt alloys may 

considerablyy affect the magnetic properties. Besides Nb and Al, we have also studied 

thee influence of other elements, which are known to affect the crystallisation behaviour 

off  transition-metal alloys. 

0.25 5 0.500 0.75 1.00 

Zrcontentx(at.. %) 

1.25 5 

Fig.. 5.26 Effect ofZr content on the magnetic properties of(Fe06Pt04)!00.xZrx alloys. 

Inn Fig. 5.26, we show the dependence of the magnetic properties on the Zr 

content.. The alloy containing 0.5 at. % Zr exhibits the best hard-magnetic properties at 

roomm temperature: Br = 0.95 T, BHC = 224 kA/m, (BH)max = 88 kJ/m3 (11.0 MGOe). 
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Below,, we summarise the results obtained for a few other elements. 

Thesee results are clearly less promising than the results that have been obtained for the 

Nb-- and Al-containing alloys discussed above. 

Tablee 5.3 Magnetic properties of some ternary (Fe0.6Pto.4)ioo-xMx alloys. 

Alloy y 

Fe59.7Pt399 8Ti0,5 

Fe59.4Pt39.0Ag, , 

BBrr(T) (T) 

0.93 3 

0.98 8 

BBHHCC (kA/m) 

288 8 

300 0 

(BH)^(BH)  ̂ (kJ/m3) 

102 2 

121 1 

5.44 Conclusion 

Wee have studied the properties of some ternary alloys based on Fe-Pt. 

Firstly,, crystallographic structural analysis shows that during the fcc-fct transformation 

thee unit cell is expanded along the a-axis and contracted along the c-axis. The c/a ratio 

rangess from 0.986 for aged Fe59.7Pt39.8Nbo.5 to 0.993 for aged Fe59g5Pt39.9Alo.25-

Thee Hopkinson effect is observed in the thermomagnetic measurements for 

bothh aged (Fe0.6Pto.4)ioo-xMx and as-quenched samples (M = Nb and Al). This is due to 

thee fact that both the fee phase, which is not ideal, and the fct phase have magnetic 

anisotropy.. The Hopkinson peak observed for as-quenched alloys with M = Nb 

iss broader than for as-quenched alloys with M = Al and of the binary Fe6oPt4o-

Thiss may be related to different degrees of atomic ordering in the corresponding fec/fet 

structuree that will be discussed later. 

Ass mentioned in Chapter 4, the change of the Curie temperature of the aged 

Fe-Ptt alloys can be understood in the molecular-field model [5, 6] in terms of 

thee exchange interaction parameter AFeFe between Fe atoms and the number ZFeFe of Fe 

nearest-neighbourss of an Fe atom. It is experimentally well known that, in Fe 

intermetallics,, Tc (i.e. AFeFe) increases if the number of nearest-neighbours ZFeFe 

decreases.. At fcc-fct transformation, ZFeFe changes from six to four. The increase of Tc, 

whichh is found for aged Fe59 7Pt39.8Nb0 s (Fig. 5.12) and aged Fe59.g5Pt39.9Alo.25 

(Fig.(Fig. 5.25) at the fcc-fct phase transition, is in agreement with the above generally 

foundd dependence of Tc on ZFeFe. 

http://Fe59.4Pt39.0Ag
http://Fe59g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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Fig.Fig. 5.27 Curie temperature as a function of Nb and Al 
contentscontents in as-quenched (Fe06Pt0A)ioo-xMx. 

Thee change in the Curie temperature of as-quenched (Fe0.6Pto.4)ioo-xMx 

(MM  - Nb and Al), as shown in Fig. 5.27, can be explained as follows. With 

increasingg x, the Fe content decreases and, generally, this magnetic dilution effect 

leadss to the decrease in Tc with increasing x. However, as seen in Fig. 5.27, the 

decreasee of Tc with x is stronger for M = Nb than for M = Al. The reason for this is the 

factt that the Al valence electrons are s and p electrons while those of Nb are 

predominantlyy of Ad electrons. Consequently, these will be a larger mixing of the 

Fee 3rf-electron states with the latter electrons than with the former. The resulting larger 

3^-bandd broadening for M = Nb will lead to a lower exchange splitting of the spin-up 

andd spin-down 3d subbands which causes a stronger decrease of Tc in the alloys 

withh M = Nb. 

Inn the microstructure analysis, the DF image of as-quenched Fe59 7Pt39 8Nb0.5 

showss only a few fct particles with very small size below 1 nm (see Fig. 5.4). For the 

as-quenchedd Fe59.g5Pt39.9Alo.25 sample, we observe more fct particles with a larger size 

off  2 nm {see Fig. 5.17). During the ageing process, we find that the fct particles grow 

too an average size of 16 nm for Fe59.7Pt39.8Nb0.5 aged at 625 °C for 48 h. For 

Fe59.g5Pt39.9Alo.25,, this size changes from 2 nm for the as-quenched sample up to 20 nm 

afterr ageing at 525 °C for 48 h. The shape of the fct particles is globular. 

( F e 00 6 P t 0 .4W* M » 

—— M = Nb 
—A—— M = Al 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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However,, for longer times, an elongated shape is observed with the elongation in a 

<100>> direction. In the sample aged for 48 h, antiphase boundaries are seen as dark 

lineslines between the separate particles. 

Superstructuree reflections can be seen in the SADP that are shown as insets in 

thee DF images in Figs. 5.4 and 5.17. In the SADPs, superstructure reflections of type 

(100)) can be observed in the horizontal and vertical directions. The strongest of these 

reflectionss (the vertical ones) are closest to the Bragg condition and were used for 

imaging.. The intensity of the superstructure reflections, with respect to 

thee fundamental (200) and (220) reflections, can be seen to vary with ageing time. It is 

aa rough indication of the degree of atomic order. For example in as-quenched 

Fe59,7Pt39.8Nbo.5,, the degree of atomic order in the fcc/fct phases is quite low. In the 

samplee aged for 48 h, a strong ordering can be observed. In some specimens, areas 

weree encountered where only one row of (100) superstructure reflections was observed 

(thee vertical row in the SADP in Fig. 5.5 for the sample aged for 24 h) instead of two. 

Itt is worth to note that antiphase boundaries are only readily recognised in the 

sampless aged for 48 h. In the other samples, antiphase boundaries are hardly visible, 

indicatingg a broad transition between neighbouring domains. This transition region 

correspondss to a disordered region (fee phase) between the ordered fct particles. 

Laterr on, we will discuss more about the relation between this result and the 

magneticc properties. 

Duringg ageing, remanence and coercivity of Fe59.7Pt39.8Nbo.5 and 

Fe59.85Pt39.9Alo.255 develop as seen in Figs. 5.8 and 5.21. For aged Fe59.7Pt39 gNb0.5 and 

Fe59.g5Pt39.9Aloo 25, the small initial susceptibility of the virgin magnetisation curve 

showss that the high coercivity in the Fe-Pt based alloys originates from pinning of 

domainn walls. 

Thee tendency of the remanence and the coercivity in these alloys can be 

explainedd by taking into account the microstructure analysis. TEM analysis of the as-

quenchedd samples shows weak superstructure spots originating from the fct structure. 

Thee degree of order of the Fe and Pt atoms in the fct structure is still low and, 

therefore,, these alloys have low magnetic anisotropy and a small coercivity. When the 

ageingg time is increased, the degree of the atomic ordering becomes higher, 

http://Fe59.85Pt39.9Alo.25
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leadingg to a higher anisotropy and a larger coercivity. Not only after longer ageing time 

butt also by higher ageing temperature the atomic ordering is further improved and the 

fctt particle size increases. Growth of large grains will eventually lead to a decrease of 

off  the hard-magnetic performance. 

Forr commercial permanent magnets, coexistence of soft- and hard-magnetic 

phasess is usually desirable to achieve large remanence. Such a two-phase system, 

basedd on Nd2Fei4B, in which the soft-magnetic phase (m phase) is a-Fe or Fe3B and 

thee hard magnetic phase (k phase) is Nd2Fei4B [7, 8], was described by Kneller and 

Haa wig [9]. In their model, in order to reach exchange interaction with the neighbouring 

hard-magneticc particles, the particle size of the soft magnetic phase needs to be smaller 

thann the critical value brm = K I ÜL_ . Here, Am is the exchange energy of the soft-

i^i^ k k 
magneticc phase and Kk is the uniaxial-anisotropy constant of the hard-magnetic phase. 

Inn general, one may approximately assume that the critical size bck of the hard-

magneticc phase is of the same order of magnitude as for the soft-magnetic phase, i.e. 

bbCCkk ~ bcm. Such an exchange-coupled two-phase material displays remanence 

enhancementt characterised by the ratio between the remanence and the saturation 

M M magnetisationn m, = —£- which is larger than 0.5. The latter value is expected for 
MMs s 

aa uniaxial isotropic single-phase permanent magnet. With the model of Kneller and 

Hawig,, one may calculate the relevant dimensions in a nanostructured material on 

thee basis of realistic material parameters. 

Ass mentioned, the aged samples of the binary alloy Fe^t io and the ternary 

alloyss Fe59.7Pt39.gNbo.5 and Fe59.s5Pt39.9Alo.25 consist of the soft-magnetic and hard-

magneticc phases and therefore can be described by means of this model. In these 

consideredd binary and ternary alloys based on Fe-Pt, the exchange energy of the soft-

magneticc phase equals Am ~ 10 n J/m [10] and the anisotropy constant of hard-

magneticc phase equals Kk ~ 106 J/m . Therefore, one calculates a critical size of 

2b2bcmcm ~ 2bck =14 nm. This means that exchange coupling of two phases can occur if 

thee size of hard-magnetic particles is below 14 nm. 

http://Fe59.s5Pt39.9Alo.25
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Itt is also worth to note that remanence enhancement with high mr ratios, 

betweenn 0.65 and 0.7, is observed in aged Fe597Pt398Nb05 and Fe59.85Pt39 9A10.25-

Additionally,, as mentioned above, TEM results show that after ageing for 24 h 

thee microstructure of aged Fe59.7Pt39.8Nb0.5 and Fe5985Pt39 9A10.25 still consists of both 

thee fee (soft-magnetic) phase and the fct (hard-magnetic) particles. Furthermore, the fct 

particlee sizes in these Fe59 7Pt39 8Nb0.5 and Fe59 85Pt39 9A10.25 samples are 3-8 nm and 

3-77 nm, respectively. These sizes are smaller than the above-calculated critical size. 

Wee therefore can conclude that the remanence enhancement observed in these Fe-Pt 

alloyss originates from the exchange coupling of the soft-magnetic fee phase with 

thee nano-size hard-magnetic fct phase. 

Thee hysteresis loops of these aged alloys do not show the existence of 

aa shoulder in the second quadrant as usually observed for a two-phase composite 

system,, for example in sintered magnets consisting of the hard-magnetic Nd2Fe14B 

phasee and the soft-magnetic a-Vt phase. We assume that in Fe-Pt alloys, besides 

thee hard-magnetic fct phase, the degree of atomic ordering and, therefore, the magnetic 

anisotropyy of the soft-magnetic phase fee is not constant but gradually increases during 

thee ageing. This is due to some degree of atomic ordering existing already in the fee 

phase.. Generally, the soft-magnetic fee phase (and the hard-magnetic fct phase) in 

Fe-Ptt alloys behave differently compared to these "ideal" soft-magnetic or-Fe phase 

(andd the hard-magnetic Nd2Fe]4B), respectively. Consequently, the behaviour of 

thee exchange coupling in Fe-Pt alloys is different from other nanocomposite magnets. 

Thee best hard-magnetic properties are obtained for Fe59 7Pt39 gNb0.5 after 

ageingg at 625 °C for 24 h: the remanence Br equals 0.98 T, the intrinsic coercivity BHC 

equalsequals 302 kA/m and the energy product (BH)m!LX is 125 kJ/m3 (or 15.6 MGOe). 

Forr Fe59.85Pt39.9Alo.25i we reach the best hard-magnetic properties after ageing at 525 °C 

forr 24 h: the remanence Br equals 1.02 T, the intrinsic coercivity BHC equals 300 kA/m 

andd the energy product (BH)max is 132 kJ/m3 (16.5 MGOe). When the samples are 

magnetisedd to the saturated state, the permanent-magnet properties can be even further 

improved:: Br = 0.99 T, BHC = 316 kA/m and (Btf)max =131 kJ/m3 (16.4 MGOe) for 

Fe597Pt39.8Nbo.5,, and Br=  1.02 TtBHc = 3\6 kA/m and (B//)max = 137 kJ/m3 (17 MGOe) 

forr Fe59.g5Pt39.9Alo.25- These values are higher than for the binary alloy Fe^Pt .̂ 
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Too obtain the optimal magnetic properties, the range of ageing times can be much 

extendedd up to 24 h (for both Nb- and Al-containing alloys) and the ageing temperature 

cann be taken lower, at 525 °C (for Al-containing alloys). Compared to the optimal heat-

treatmentt condition at 625 °C for 1 h of F e ^ t ,̂ the latter processing makes the heat 

treatmentt more controllable. 

Thee Curie temperature of the ternary Fe-Pt magnets, about 400 °C, is lower 

thann of some magnets based on rare-earth elements [4] but the magnetic properties of 

thee Fe-Pt magnets are less dependent on temperature. 

Finally,, the ternary alloys studied also display high mechanical hardness, 

highh tensile strength, excellent corrosion resistance and unequalled biocompatibility 

thatt can meet the requirements for permanent magnets in technological and biomedical 

applications,, for example in dentistry. 
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Chapterr  6 

Thermodynamicc properties and thermal 

expansionn of some alloys based on Fe-Pt 

InIn this chapter, we have studied the thermal properties of 

thethe alloys Fe60Pt40, Fe59.7Pt39.8Nb0.5 and Fe59.s5Pt39.9Alo.25-

TheThe thermodynamic behaviour of the fcc-fct structural phase 

transitiontransition was analysed by means of differential-scanning-

calorimetrycalorimetry measurements. We have also studied the thermal 

expansionexpansion and the Invar effect of these alloys. 

6.11 Introductio n 

Thee fcc-fct structural phase transition in Fe-Pt alloys plays an important role in the 

enhancementt of the hard-magnetic properties of these alloys [1]. This transition, 

however,, cannot clearly be observed by magnetic measurements. Therefore, we studied 

thee kinetics of the fcc-fct transformation in Fe60Pt4o, Fe59.7Pt39.8Nbo.5 and 

Fe59.85Pt39.9Alo.255 by means of differential scanning calorimetry (DSC). In the DSC 

tracess we observe, besides the magnetic-ordering transition around 350 °C, also the 

fcc-fctt transition between 500 °C and 700 °C. The thermodynamic properties were 

analysedd by applying the Johnson-Mehl-Avrami (JMA) theory [2] to data obtained 

withh different heating rates. The activation energies for the fcc-fct transformation in 

thesee alloys are between 200 and 350 kJ/mol. Additionally, we observed differences in 

thee kinetics of the transformation process in the three alloys, which can be correlated to 

studiess of the micro structure. By using transmission electron microscopy (TEM) 

wee found that the samples differ in the degree of fct phase nucleation {see Sections 4.3 

http://Fe59.s5Pt39.9Alo.25
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andand 5.3). Besides, we also studied the fcc-fct structural phase-transition and the Invar 

effectt of these alloys by means of thermal-expansion measurements. 

6.22 Differential scanning calorimetry measurement 

6.2.16.2.1 Theoretical outline 

DSCC measurements have been widely used to study the crystallisation behaviour in 

glassess and amorphous materials [3-5]. In DSC measurements one can obtain the 

thermodynamicc parameters of the material studied, such as transition temperature, 

activationn energy and reaction rate. In the literature, the quantitative analysis of DSC 

dataa is frequently based on the JMA phase-transition equation [2]. 

Forr isothermal crystallisation, the JMA equation can be written as follows: 

X\l)X\l)  Y — € (fi, ]\ 

wheree x is the fraction of transformed material, / the time, K the reaction-rate constant 

andd n the Avrami coefficient. In general, the constant K depends on the temperature T, 

thee nucleation frequency and the crystal-growth rate as K = K0e~E" /RT. Here K0 is 

thee frequency factor, Ea the activation energy and R the ideal-gas constant. 

Everyy reaction in chemistry or transformation in physics requires a certain 

minimumm energy for the reaction or transformation to occur. This is called the 

activationn energy Ea {Ea > 0). 

Thee value of the coefficient n and the concomitant evolution of the 

transformationn as a function of time depend on the process that governs the transition, 

whichh can be either nucleation or grain growth. According to Avrami [2], the value of 

nn is typically between 1 and 4. For the range 0 < n < 2, time-dependent nucleation is 

dominant.. The transition is governed by growth when 2 < n < 4. Christian [6] has 

proposedd that, when 3 < n < 4, a three-dimensional nucleation and growth process 

prevails.. This general expression remains in the case of 2 < n < 3 for two-dimensional 

andd in the case of 1 < n < 2 for one-dimensional processes. 
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Thee phase-transition rate dx(t)ldt of the isothermal phase transition can be 

determinedd from Eq. (6.1) by differentiation with respect to time and substitution of 

thee expression forx(t) (Eq. (6.1)): 

n-\ n-\ 

—— = nK{ln(\-x)[-\n{\-x)} " (6-2) 
dt dt 

orr  ̂ = nKu"f(x) (6-3) 

dt dt 

wheree the function f(x) is represented by 

n-\ n-\ 
f(x)f(x) = (\-x)[-m-x)]n (6.4) 

Eq.. (6.2) was developed by Johnson, Mehl and Avrami under the following 

assumptionss [7]: 

isothermall  phase transition, 

spatiallyy random nucleation, 

growthh rate of the new phase depends only on temperature and not on time. 

Inn the recent literature [8-12], the JMA equation is applied in the case of 

aa non-isothermal phase transition in which the transition rate dx/dt depends only on the 

statee variables x and T. Several studies have been made to derive thermodynamic 

propertiess from DSC data. These studies can be divided into single-scan and multiple-

scann analysis techniques [8]. 

6.2.1.16.2.1.1 Single-scan DSC 

Too obtain the thermodynamic properties of a solid-state transition, one only needs a 

singlee DSC scan at a single heating rate. In Fig. 6.1, we draw a DSC trace in which the 

exothermicc peak corresponds to a transformation. From this peak, 

thee fraction of transformed material x at any temperature T can be determined as 

xx = —?- . Here A is the total area of the peak between the temperature T-t, where the 
A A 

transitionn starts and the temperature 7}, where the transition is terminated. ATi&  the area 

betweenn the temperature Tt and T shown by the hatched portion in Fig. 6.1. 
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Heat t 
flow w 

r,, T T 

Fig.Fig. 6.1 Schematic exotherm. 

Forr a transformation in which EJRT » 1 [9] (usually EJRT > 25 [10]), 

onee can transform Eq. (6.2) into: 

\n[-ln(l-x)]-2nlnT\n[-ln(l-x)]-2nlnT = --  ̂ + nlnnRK° " (6.5) 
RTRT pE 

wheree {3 = dTldt is the heating rate. In fact, over a temperature range of 100 K, 

thee contribution of T, and therefore -2nln7, can be neglected [11] with acceptable error 

inn the calculation of the activation energy. Thus, the plot of the DSC results on 

aa double logarithmic scale versus \/T gives the value of Ea, if n is known. 

Fromm Eq. (6.2), taking the logarithm, one obtains: 

l n f—1== — ^ + ln[ ƒ (JC)] + I nCn^ ") (6.6) 
(̂ ^ dt j nRT ° 

Inn the range 0.25 < x < 0.55, the function fix) almost does not change, for example for 

thee Fe6oPt4o alloy the variation ln[/(1-=055)]-ln[/'(v=o.25)] equals 0.38xlO"3. Therefore, 

thee plot of \n(dx/dt) versus 1/T presents a straight line whose slope gives the value of 

EJnR.EJnR. In combination with Eq. (6.5), the value of n can be derived. 

6.2.1.26.2.1.2 Multiple-scan DSC 

Thee difference between the multiple-scan and the single-scan technique is that in the 

formerr we use DSC measurements at several different heating rates in the analysis. 
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Thee advantage of multiple DSC scans is that the analysis does not depend on the x 

dependencee of dxldt. For a transition in which the products and the mechanism do not 

changee with temperature [9, 12], Eq. (6.1) can be written as 

In n 
(j(j  2 ^ 

p p 

nRT„ nRT„ 
- I n n 

ff  D \ 

nt\nt\ i/„ 

E„ E„ 

++ 2^r(l-4̂  (6.7) ) 

wheree Tp is the peak temperature of the considered transition. For common heating 

rates,, /?< 100 K/min, with n > 1 and EJRTP > 25, the last term of the right-hand side of 

Eq.. (6.7) can be ignored within acceptable error. Hence, one can determine the value of 

EJnREJnR from the slope of the straight line in a plot of \n(Tp
2//3) versus \/Tp. 

Withh the assumption of 2RTp/Ea « 1, the activation energy can be derived 

fromm the value of (dxldt) at the temperature Tp as follows [10]: 

fdx^ fdx^ 
E„E„  = RT„ 

dt dt 
(0.37/?)" " (6.8) ) 

A> > 

6.2.26.2.2 Experimental 

Wee prepared the alloys Fe60Pt4o, Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo. 25 by arc-melting 

appropriatee amounts of the pure elements (3N) under a purified-argon atmosphere. For 

thee DSC measurements, the alloys were cast into a cylinder with 

aa diameter of 1.5 mm and then cut into flat disk-shaped samples with a diameter of 

1.55 mm and a height 0.5 mm. All samples were annealed at 1325 °C for 1 h under 

argonn atmosphere and quenched in water (as-quenched sample). 

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

DSC77 in a purified-argon flux to protect the sample against oxidation. The measuring 

temperaturee ranged from room temperature up to 700 °C and the heating rate varied 

betweenn 5 °C/min to 150 °C/min. The results will be presented in the 

followingg sections. 

http://Fe59.g5Pt39.9Alo
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6.2.36.2.3 Results and discussion 

6.2.3.16.2.3.1 Fe60Pt40 

X-rayy diffraction on an as-quenched Fe^Pt̂  sample and a sample aged at 

6000 °C for 1 h, shows a change in the crystallographic structure {see Section 4.3.1). 

Besidee this, a hysteresis-loop measurement indicates that the magnetic properties are 

improvedd after the ageing process. These alterations are caused by the fcc-fct structural 

phase-transitionn in this alloy. The transition, however, was not clearly observed in 

thee magnetic measurements. 

Inn Fig. 6.2, we present DSC scans of as-quenched Fe60Pt40 measured at 

differentt heating rates ranging from 20 °C/min to 150 °C/min. In all DSC traces, we 

seee two exothermic peaks. The first peak at the lower temperature (denoted by Tc), 

aroundd 370 °C, reflects the magnetic-ordering transition. The fcc-fct structural phase 

transitionn is observed by the presence of the second peak at higher temperatures 

betweenn 600 °C and 650 °C (marked by Tp). One can see that Tc is practically 

independentt of the heating rate. However, Tp increases with increasing heating rate. 

Thiss shift of Tp is a consequence of the phase transition being a thermally activated 

process. . 

Wee will now derive the thermodynamic properties of Fe^Pt̂  from the DSC 

scans.. We introduce the transformed fraction of material x, which is the ratio of 

thee fractional area under the second peak at a certain temperature and the total area of 

thiss peak. By taking into account the DSC scans at each heating rate, we can obtain 

thee temperature dependence of the transformed fractions x for different heating rates as 

displayedd in Fig. 6.3. 

Too obtain further information on the fcc-fct structural phase transition, firstly, 

wee apply Eqs. (6.5) and (6.6) to the above obtained data of a single DSC scan. 

Inn Figs. 6.4 and 6.5 we present the dependencies of ln[-ln(l-;c)] and \n(dx/dt) on \IT, 

respectively,, for the representative heating rate J3 = 30 °C/min. It is worth to note here 

againn that only part of the data, for transformed material in the range 0.25 < x < 0.55, 

wass used in further analyses (see Section 6.2.1.1). 
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Fig.Fig. 6.2 DSC scans of as-quenched Fe60Pt4o at different heating rates. 
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Fig.Fig. 6.3 Temperature dependence of the fraction 
ofof transformed material x in Fe60Pt40 at different heating rates. 

Thee selected data were used to obtain the linear fits represented by the solid 

liness in these figures. From these results, by means of Eqs. (6.5) and (6.6), 

thee activation energy Ea! and the Avrami coefficient «; of Fe60Pt40 were calculated, 
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respectively.. The detailed values of the thermodynamic properties are listed in 

Tablee 6.1 below for heating rates 20 < /? < 50 °C/min. 
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Fig.Fig. 6.4 Variation ofln[-ln(l-x)]  with 1/7'for Fef,(tPt4U 

atat a heating rate /J= 30 °C/min. The solid line represents a linear fit. 
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Fig.Fig. 6.5 Phase-transition rate \n{dx/dt) as a function of 1/Tfor Fe60Pt40 

atat a heating rate /? = 30 °C/min. The solid line represents a linear fit. 

Onn the other hand, Eqs. (6.7) and (6.8) of the multiple DSC scans can now 

alsoo be used to analyse the thermodynamic properties of Fe60Pt4o. From the DSC scans 
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att various heating rates, we can obtain the values of Tp and the corresponding values of 

(dx/dt)(dx/dt)TpTp. . 

Tablee 6.1 Thermodynamic properties derived from single DSC scans of Fe60Pt40. T, and 7}  are 

thee temperatures corresponding to the start and the end of the phase transition. 

p p 
(°C/min ) ) 

20 0 

30 0 

40 0 

50 0 

r-interva ll  (°C ) 

T, T, 

528 8 

562 2 

571 1 

580 0 

Tf Tf 

624 4 

672 2 

682 2 

692 2 

EEaal l 

(kJ/mol ) ) 

362 2 

342 2 

388 8 

350 0 

EJn, EJn, 

(kJ/mol ) ) 

124 4 

121 1 

125 5 

127 7 

»/ / 

2. 9 9 

2. 8 8 

3. 1 1 

2. 8 8 

7.0 0 

6.5 5 

5.55 -

5 00 I , 1 , 1 , 1 , 

1.0755 1.100 1.125 1.150 1.175 
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Fig.Fig. 6.6 Variation ofln(Tp //?) with l/Tpfor Fe60Pt40.The solid line represents a linear fit. 

Thee graph of ln(Tp
2//3) is plotted versus \ITP in Fig. 6.6 together with the linear 

fitfit  shown by the solid line. Based on Eq. (6.7), the ratio between the activation energy 

andd the Avrami coefficient Ea2/n2 was derived to be equal to 121 kJ/mol. 

Inn combination with Eq. (6.8), values for Ea2 and n2 for Fe60Pt4o were obtained as 

presentedd in Table 6.2. The values of Ea2 and n2 are comparable to the results listed in 

Tablee 6.1, obtained by analysing the single DSC scans. 
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Tablee 6.2. Thermodynamic properties of Fe^Pt̂  derived from multiple DSC scans. 

p p 
(°CC /min) 

20 0 

30 0 

40 0 

50 0 

T T 
11p p 

(°C) ) 

598 8 

625 5 

627 7 

643 3 

\tf(dx/dt)\tf(dx/dt)Tp Tp 

(s-1) ) 

7.0 0 

8.3 3 

11.3 3 

13.4 4 

Ea2 Ea2 

(kJ/mol) ) 

358 8 

300 0 

309 9 

303 3 

EJnEJn2 2 

(kJ/mol) ) 

121 1 

«2 2 

3.0 0 

2.5 5 

2.6 6 

2.5 5 

Forr FeéoPtw, the Avrami coefficient has average values of n] = 2.9  0.1 and 

nn22 - 2.7  0.2 (the mean value is n ~ 2.8  0.2). This large value, near 3, indicates that, 

inn Fe6()Pt4o, the growth process is dominant during the transition. This means that 

thee transition mainly proceeds by growth of the quenched-in fct nucleation sites. 

Thiss is also in agreement with the X-ray and magnetic measurements, which show 

smalll  amounts of the fct phase to be present already in the as-quenched state. The 

averagee activation energies are Ëü] = 361  15 kJ/mol and Eu2 =318 + 21 kJ/mol. 

Bothh values are higher than the usual activation energy for crystallisation in glassy or 

amorphouss materials. 

6.2.3.26.2.3.2 Fe59.7Pt398Nb0.5 

Ass described in the previous chapter (see Section 5.3.1), the alloys Fe59 7Pt39 8Nb0.5 and 

Fe59.H5Pt399Alo.255 show the best magnetic properties and therefore were used for further 

studyy of the thermodynamic properties. 

Firstly,, for as-quenched Fes^Pt^.gNb0.5, DSC scans at different heating rates 

fromm 5 °C/min to 30 °C/min are presented in Fig. 6.7. During the heating process, we 

againn observe two exothermic peaks, the same as for Fe6oPt40. Around 350 °C the first 

peakk appears which is due to the magnetic-ordering transition (Tc). The fcc-fct 

structurall  phase transition gives rise to the second peak at higher temperatures between 

5500 °C and 650 °C (Tp). 

http://Fe59.H5Pt399Alo.25
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Fig.Fig. 6.7 DSC scans ofFeS9jPt39SNb0j at different heating rates. 
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Fig.Fig. 6.8 Temperature dependence of the fraction 
ofof transformed material x in Fe597Pt}g)fNbo_5 at different heating rates. 

Too obtain quantitative information on the fcc-fct phase transition, 

thee thermodynamic properties of the Fe59.7Pt39.8Nbo.5 alloy were again analysed by 

usingg the JMA model. From single DSC scans at each heating rate, we determined 

thee transformed fractions x as displayed in Fig. 6.8. 
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1.13 3 1.14 4 1.15 5 

103/T(K'1) ) 

1.16 6 1.17 7 

Fig.Fig. 6.9 Variation ofln[-ln(l-x)]  with 1/Tfor Fesg7PtJ9SNb05 

atat a heating rate fi= 20 °Clmin. The solid line represents a linear fit. 

1.133 1.14 1.15 1.16 

103/T(K1) ) 

1.17 7 

Fig.Fig. 6.10 Phase-transition rate ln(dx/dt) as a function of 1/Tfor Fe597Pt3ggNhn5 

atat a heating rate [5=  20 °C/min. The solid line represents a linear fit. 

Inn accordance with Eqs. (6.5) and (6.6), the values of ln[-ln(l-x)] and \n(dx/dt) 

aree plotted versus 1/T in Figs. 6.9 and 6.10, respectively, for /? = 20 °C/min. The solid 

liness in these figures represent linear fits. From the fitting results, we obtained values 

forr the activation energy Ea! and the Avrami coefficient «/ of Fe59 7Pt39 8Nbo.5 as listed 

inn Table 6.3. 
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Tablee 6.3 Thermodynamic properties of Fe59 7Pt39 8Nb0.5 derived from single DSC scans. T, and 

TTff represent the temperatures corresponding to the start and the end of phase transition. 

p p 
(°C/min ) ) 

5 5 

10 0 

20 0 

30 0 

r-interva ll  (°C ) 

T T 

454 4 

474 4 

518 8 

549 9 

Tf Tf 

605 5 

625 5 

662 2 

698 8 

(kJ/mol ) ) 

191 1 

198 8 

204 204 

225 5 

EEaa,/n, ,/n, 

(kJ/mol ) ) 

91 1 

101 1 

90 0 

105 5 

n, n, 

2. 1 1 

2. 0 0 

2. 3 3 

2. 1 1 

8.0 0 

7.6 6 

7.2 2 

SS 6.8 

££ 6.4 

6.0 0 

5.6 6 

1.088 1.10 1.12 1.14 1.16 1.18 1.20 1.22 1.24 

103/Tp(K"1) ) 

Fig.Fig. 6.11 Variation of ln(Tp
2/p) with l/TpforFe597Pt39SNb05. 

TheThe solid line represents a linear fit. 

Thee thermodynamic properties of Fe59.7Pt39.8Nb0.5 alloy were also derived by 

usingg multiple DSC scans at all above-mentioned heating rates. In Fig. 6.11, we show 

plotss of \n{Tp
2/p) versus l/Tp for this alloy (the linear fit  is shown by the solid line). 

Byy using Eq. (6.7), the ratio Ea2/n2 was calculated to be equal to 119 kJ/mol. The value 

off  Ea2 can be obtained by means of Eq. (6.8) so that the value of n2 could be 

determined.. The obtained results are presented in Table 6.4. They are within the range 

off  the results obtained from single DSC scans {see Table 6.3). 

''  ' i I i L 
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Tablee 6.4 Thermodynamic properties of Fe59 7Pt39 8Nb0,5 derived from multiple DSC scans. 

P P 
(°CC /min) 

5 5 

10 0 

20 0 

30 0 

T T 
11 p 

(°C) ) 

547 7 

575 5 

617 7 

623 3 

\0\dx/dt)\0\dx/dt)Tp Tp 

(s-1) ) 

1.0 0 

2.0 0 

4.0 0 

6.8 8 

Ea2 Ea2 

(kj/mol) ) 

180 0 

196 6 

213 3 

246 6 

EJnEJn2 2 

(kJ/mol) ) 

119 9 

«2 2 

1.5 5 

1.7 7 

1.8 8 

2.1 1 

Inn general, both the values of the activation energy and of the Avrami 

coefficientt of Fe59.7Pt39.8Nbo.5 alloy are smaller than for Fe60Pt4o. This indicates that 

thee dynamics and the energy balance of the transformation are affected by the small 

additionn of Nb. 

6.2.36.2.3 J Fe59.s5Pt39.9Alo.25 

InIn Fig. 6.12, we show the DSC scans of as-quenched Fe59 g5Pt39 9A10 25 samples at 

differentt heating rates from 10 °C/min to 40 °C/min. Two exothermic peaks were also 

seenn with increasing temperature. These are marked as Tc at around 360 °C for the 

magnetic-orderingg transition and Tp in the temperature range between 575 °C and 

6500 °C for the fcc-fct structural phase transition. 

Thee same analysis procedure as followed for the other two alloys was carried 

outt for the DSC data of Fe59.g5Pt39.9Alo.25- From single DSC scans, the transformed 

fractionss x in Fe59.g5Pt39.9Alo.25 alloys were determined as shown in Fig. 6.13. 

Inn Figs. 6.14 and 6.15, we have plotted the values of ln[-ln(l-jc)] and \n(dx/dt) 

versuss 1/T, respectively, for a heating rate /J = 20 °C/min. These data were linearly fit 

byy the solid lines in these figures. Based on Eqs. (6.5) and (6.6), we obtained values for 

thee activation energy Eal and the Avrami coefficient «7 of Fe59.g5Pt39 9A10.25 as presented 

inn Table 6.5. 

Again,, we also used multiple DSC scans to analyse the thermodynamic 

propertiess of Fe59.g5Pt39.9Alo.25- In Fig. 6.16, we present the graph of \n{Tp
2/p) versus 

l/Tl/Tpp for this alloy. From the linear fit  represented as a solid line in this figure 

http://Fe59.s5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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andd Eq. (6.7), the ratio Ea2/n2 was derived to be 110 kJ/mol. In combination with 

Eq.. (6.8) the values for Ea2 and then n2 are obtained as given in Table 6.6. Comparing 

thesee values with the results derived from the single DSC scans (see Table 6.5), we see 

thatt these values are rather similar. 
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Fig.Fig. 6.12 DSC scans of Fe59ssPt399Al025 at different heating rates. 
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Fig.Fig. 6.13. Temperature dependence of the fraction 
ofof transformed material x in Fe59HSPt399Al0.2s at different heating rates. 
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1.13 3 1.14 4 1.155 1.16 

103/T(K~1) ) 

1.17 7 1.18 8 

Fig.Fig. 6.14 Variation ofln[-ln(]-x)]  with 1/Tfor Fe59SSPt399Al0.25 

atat a heating rate fi= 20 "C/min. The solid line represents a linear fit. 

-5.2 2 

1.13 3 1.14 4 1.155 1.16 

103/T(K"1) ) 

1.17 7 1.18 8 

Fig.Fig. 6.15 Phase transition rate ln(dx/dt) as a function of 1/Tfor FeS9S5Pti99Al025 

atat a heating rate f5= 20 °C/min. The solid line represents a linear fit. 
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Tablee 6.5. Thermodynamic properties of Fe5985Pt39 9Alo.25 derived from single DSC scans alloy. 

TiTi and 7}present the temperatures corresponding to the start and the end of phase transition. 

p p 
(°C/min) ) 

10 0 

20 0 

30 0 

40 0 

^-intervall  (°C) 

Ti Ti 

491 1 

527 7 

535 5 

556 6 

Tf Tf 

656 6 

662 2 

613 3 

675 5 

Eal Eal 

(kJ/mol) ) 

242 2 

249 9 

259 9 

279 9 

EJnEJnl l 

(kJ/mol) ) 

109 9 

93 3 

95 5 

105 5 

«/ / 

2.2 2 

2.7 7 

2.7 7 

2.7 7 

8.4 4 

8.0 0 

7.6 6 

^^ 7.2 

t >> 6.8 

6.4 4 

6.0 0 

5.6 6 
1.066 1.08 1.10 1.12 1.14 1.16 1.18 1.20 

103/Tp(K" 1) ) 

Fig.Fig. 6.16 Variation ofln(Tp
2//5) with 1/Tp. The solid line indicates linear fitting. 

Tablee 6.6. Thermodynamic properties of Fe59 85Pt39 9A10 25 derived from multiple DSC scans. 

p p 
(°CC /min) 

10 0 

20 0 

30 0 

40 0 

TTP P 

(°C) ) 

577 7 

607 7 

620 0 

651 1 

\Q\dxldt)\Q\dxldt)Tp Tp 

Cs'1) ) 

2.5 5 

4.9 9 

7.5 5 

8.0 0 

EEaa2 2 

(kJ/mol) ) 

230 0 

256 6 

270 0 

245 5 

EEa2a2/n/n2 2 

(kJ/mol) ) 

110 0 

nn2 2 

2.1 1 

2.3 3 

2.6 6 

2.2 2 
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Thee average activation energies are £ = 205  11 kJ/mol and 

EEa2a2 = 209  21 kJ/mol for Fe59.7Pt39.8Nb0.5 and £Q! = 257  12 kJ/mol and 

EEa2a2 = 250 3 kJ/mol for Fe59.s5Pt39.9Alo.25. For the former alloy, the values of the 

Avramii  coefficient are nx =2.1 1 and n2 = 1.8  0.2, with a mean value of 

nn = 1.95. This value is smaller than the mean value for the latter alloy which is close to 

nn = 2.5 («, = 2.6  0.2 and n2 = 2.3 + 0.2). The larger value of the Avrami coefficient 

forr Fe59.g5Pt39.9Alo.25 indicates that the fcc-fct transition is mainly controlled by growth 

off  the nucleated fct sites, which is the same situation as in FeeoPt.̂ Apparently, 

thiss transition is controlled both by nucleation and growth processes in the case of 

Fe59.7Pt39.8Nbo.5. . 

6.2.46.2.4 Conclusions 

Firstly,, the difference between the thermodynamic properties of Fe6oPt4o, 

Fe599 7Pt39 gNbo.5 and Fe59.g5Pt399Alo.25 can be understood by taking into account 

thee microstructure of the corresponding as-quenched samples as observed by means of 

transmissionn electron microscopy (see Sections 4.3 and 5.3). In the TEM selected area 

diffractionn pattern (SADP) image of the as-quenched Fe59 7Pt39 8Nb0.5 alloy, we 

observedd only very weak superstructure spots. In the TEM dark-field (DF) image, 

thee number of fct particles is small and the particle size is below 1 nm. However, more 

completee atomic ordering occurs in the as-quenched Fe59.g5Pt39.9Alo.25 and Fe^Pt̂  

alloyss and we observed more fct particles with a larger particle size, of 2 and 3 nm, 

respectively.. Therefore, upon ageing of as-quenched Fe59.7Pt39.gNb0.s alloy, first the fct 

phasee nucleates in the fee matrix, which is then followed by the growth of these fct 

particles.. However, a considerable amount of fct particles are already present in as-

quenchedd Fe59.85Pt39 9AI0.25 and Fe60Pt40 and immediately start to grow under the heat 

treatment. . 

Thee average activation energies of both Fe59 7Pt39 gNb0 5 and Fe59 85Pt39 9AI0.25 

aree smaller than for Fe6oPt4o- We will now investigate the origin of the effect of 

thee additional elements Nb and Al on the thermodynamic properties of Fe-Pt alloys. 

http://Fe59.s5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt399Alo.25
http://Fe59.g5Pt39.9Alo.25
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Inn Table 6.7, we have listed the enthalpy of formation of some binary alloys based on 

Fe,, Pt, Nb and Al elements [13]. FePt is considered to have the disordered fee 

structure.. For equiatomic alloys, we can arrange these values in the following 

sequence: : 

A//or(PtNb)) < Atf^PtAl ) < A^or(FeAl) < A//or(FeNb) < A//or(FePt). 

Thiss sequence implies that, in general, the Nb and Al ions will substitute for Fe/Pt-ions 

att crystallographic lattice sites and prefer to occupy sites with many Pt nearest 

neighbourss rather than Fe nearest neighbours. Furthermore, for Nb this tendency will 

bee stronger than for Al. This has as a consequence that in the disordered fee structure 

theree are more Pt atoms close to Nb atoms in Fe59.7Pt39 8Nb0.5 than Pt atoms close to Al 

atomss in Fe59.85Pt39.9Alo.25. 

Tablee 6.7 Predicted enthalpy of formation &tfw (in kJ/mole atoms) of some binary compounds 

[13].. The enthalpy of formation of the disordered FePt alloy is -19 kJ/mol atoms. 

Elementt X 1 XA1 

Fe e 

Pt t 

-32 2 

-82 2 

XNb b 

-23 3 

-- 100 

X5AI I 

-- 15 

-33 3 

X5Nb b 

-- 11 

-42 2 

Inn the disordered fee FePt alloy each lattice site has 12 nearest-neighbour 

sites,, 50 % of which are occupied by Pt atoms. Hence, an X atom (here X = Fe or Pt) 

occupyingg such a site has an average of 6 nearest-neighbour Pt atoms. 

Byy contrast, if an M atom occupies a Fe site in the ordered fct structure, it has 

88 nearest-neighbour Pt atoms. We mentioned already that for M = Nb and Al a large 

numberr of Pt nearest-neighbours is energetically favourable. Hence, additions of Nb or 

All  to FePt are expected to lead to local atomic fct arrangements and similar 

arrangementss may be expected in FeöoPUo with Nb and Al additives. 

Iff  such a type of short-range ordering would exist in the as-quenched alloys, 

onee would expect that nucleation of the fct phase would be relatively easy and that 

thee fee to fct transformation would not be nucleation controlled as observed 

experimentally.. It is therefore more likely that, in the as-quenched alloys, clusters of 

http://Fe59.85Pt39.9Alo.25
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Pt|2Nbb exist, in which all 12 nearest-neighbour atoms of a Nb atom are Pt atoms. 

Inn that case there is a certain amount of Pt atom depletion around the Pt,2Nb clusters, 

whichh makes fct nucleation more difficult. In the case of Al such clusters are less likely 

(see(see Table 6.7). Because of this and because of the lower concentration of Al compared 

too Nb, regions with a Pt deficiency are less extended and consequently have less 

influencee on the fct nucleation. 

Thee fcc-fct structural phase transition, in fact, is a diffusion of Fe- and Pt-ions 

fromm one lattice site (layer) to another lattice site (layer) in order to have alternating 

layerss of Fe- and Pt-ions along the c-axis of the fct structure. Nb and Al have atomic 

volumess that are substantially larger than those of Fe and Pt (atomic radius 

rrNhNh = 2.08A, rA! = 1.82 A, rFe = 1.72 A and rPl = 1.83 A). This causes severe distortions 

aroundd the former atoms, which, in turn, enhances atomic mobility. This is probably 

thee reason why the activation energies for the alloys with Nb and Al are lower than that 

off  the parent alloy. 

Finally,, we recall that DSC measurements provide thermodynamic 

informationn concerning the phase transition that cannot be obtained from magnetic 

measurements.. It is a useful method to study the structural phase transition and 

thee thermodynamic properties in Fe-Pt alloys. 

6.33 Thermal-expansion measurements 

6.3.16.3.1 Theoretical outline 

6.3.1.16.3.1.1 Linear-expansion coefficient 

Wee consider a solid sample that has an initial volume V0 at a temperature TQ. When the 

temperaturee of the material increases to T = T0 + AT, in general the volume of the 

samplee increases as well to V(T) = V0 + AV . Assuming that the relative increase in 

thee volume is linear with the temperature, one has: 

—— = oAT (6.9) 

wheree co is the volume-expansion coefficient of the material. 



ThermodynamicThermodynamic properties and thermal expansion ... 125 5 

Iff  the above-mentioned sample has a cubic shape with an initial length /0 in 

eachh direction, the initial volume is V0 ~ 1% and at increased temperature T, 

thee volume can be expressed as follows: 

V( r )) = ( /0+A/) 3 = V 0+3(A/) /2+3(A/)2/ 0+(A/) 3 (6.10) 

wheree A/ is the increase in length of the cube edge in each direction at the considered 

temperaturee T. Assuming that A/ « /0, then (A/)2 and (A/)3 are negligible. Then, one 

cann simplify Eq. (6.10) to: 

AV=V(T)-VAV=V(T)-V00=3(Al)l^=3(Al)l^  (6.H) 

Inn this case, Eq. (6.9) becomes: 

^^  = ^L^ aAT (6.12) 
3V00 /„ 

wheree a = —Q) is defined as the linear-expansion coefficient of the material. 
3 3 

Thee coefficient «itself can also depend on temperature: 

OCT)) = 1 ( ^ - 1 (6-13) 
ll 00{dT{dT J, 

AA cubic shape of the sample was considered for simplicity. In fact, Eqs. (6.12) 

andd (6.13) also hold for most other shapes, for example for cylindrical samples. 

Furthermore,, Eq. (6.12) is only valid if the thermal expansion of the sample does not 

showw anisotropic behaviour on a macroscopic scale. 

Inn general, it is not easy to measure volumes and changes in the volume for 

solidd materials. The derivations used above, however, offer a way to investigate 

volumee effects in which we only need to measure the length and the change in 

thee length of the sample studied. The linear-expansion coefficient is directly related to 

thee volume expansion coefficient, as long as the length changes are small. The total 

thermall  expansion of the sample can be measured with a dilatometer. 

6.3.1.26.3.1.2 The Invar effect 

Thee Invar effect was discovered by Charles-Edouard Guillaume in 1897 [14] during a 

studyy on Fe-Ni alloys. The most important property of an Invar system is 
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thee anomalously low thermal expansion over a considerable temperature range, i.e. its 

lengthh being /«variant with temperature. The Invar alloy Fe65Ni35 is well known as 

aa material with a very small thermal-expansion coefficient around room temperature, 

lesss than 2x10" K '. This is small compared to most metallic materials which have 

valuess of 10-20x10"6K_1. 

Inn addition to the thermal-expansion anomaly, other physical properties may 

alsoo show anomalous behaviour, such as a large negative pressure effect on 

thee magnetisation and on the Curie (or Néel) temperature, an anomalous temperature 

dependencee of the elastic modulus, a large forced volume magnetostriction, and 

anomaliess in the atomic volume and the heat capacity. Many other alloys and 

compoundss have now been found with a similar thermal-expansion anomaly, in various 

orderedd structures, in random alloys or even in amorphous materials. These Invar-type 

materialss have attracted much attention, particularly in the field of magnetism because 

thee origin of the thermal-expansion anomaly is related to the magnetism of metals. 

Ass an example, we will consider one of the anomalous properties of the Invar 

alloy.. A change in the volume of a material is not only due to a change in its 

temperaturee but can also be induced by a change in an applied magnetic field. 

Thiss phenomenon is characterised by the volume magnetostriction, which is defined as: 

"—— -— ' w n e re ^o is the volume of the material in zero field and 
vAdHvAdH l 

'dv\'dv\ . 
is s 

Ml Ml 
thee partial derivative of the volume with respect to the applied field at constant 

temperaturee T. 

Forr most solid materials, the volume magnetostriction varies between -1012 

andd 10"l2m/A, but for some alloys its value can be of the order of 10"9 m/A. When the 

volumee magnetostriction is large enough, a change in the volume-expansion coefficient 

(andd also in the linear-expansion coefficient) due to an applied magnetic field can be 

thee result. For more quantitative information, we consider a ferromagnetic metallic 

materiall  that has a linear-expansion coefficient aM in the non-magnetic state. As we 

knoww from ref. [15], the lattice contribution is the main contribution to aM. An external 

magneticc field is now applied to the sample, such that the magnetisation M of 

thee sample is saturated at a value Ms. When the sample is heated, the magnetisation 
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tendss to decrease and in order to keep it saturated the applied magnetic field needs to 

bee increased. This increase in magnetic field is represented by 
dT dT 

.. The linear-

i s s 

expansionexpansion coefficient is given by [16]: 

(6.14) ) 

Thee last factor in this equation is always positive and the volume 

magnetostrictionn is considered to be high, therefore a < aM, In the temperature range 

nearr the Curie temperature the magnetisation decreases rapidly. The applied magnetic 

field,field, necessary for the sample to retain its saturation magnetisation, will therefore 

increasee significantly. Consequently, a decreases abruptly at the Curie temperature. 

Duee to this Invar effect, a may even have negative values. 

Figuree 6.18 presents an overview of this effect. In this figure, 

thee contributions of the lattice and the volume magnetostriction to the thermal 

expansionn are represented by the dotted and dashed lines, respectively. The solid line 

indicatess the total thermal expansion. Figure 6.18 shows the particular case of 

aa thermal-expansion curve with negative slope in the temperature range around Tc, i.e. 

thatt the sample contracts with increasing temperature. This implies that the decrease of 

thee volume magnetostriction is larger than the increase of the lattice contribution. 

Negativee slopes in a thermal-expansion curve are rarely found. Only a few alloys with 

aa very specific composition show a strong anomaly as depicted in Fig. 6.18. 

6.3.26.3.2 Experimental results and discussion 

Wee investigated again FeeoPt,̂ Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt399Alo.25 alloys prepared by 

arc-melting.. For the thermal-expansion measurements, the samples were first brought 

intoo cylindrical shape by means of spark cutting and cut into cylinder of length 

// = 8.6 mm and diameter d = 4.5 mm. The samples were then polished and the length 

wass reduced to 8.3 mm. Eventually, they were wrapped in Ta foil before they were 

sealedd into quartz tubes with a 100 mbar atmosphere of purified argon. These samples 

weree annealed for 3 h at 1250 °C and quenched in water (as-quenched sample). The 

http://Fe59.g5Pt399Alo.25
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reasonn why we used this lower homogenisation temperature is to protect the large 

quartzz tubes during the quenching. 

c c 
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Fig.Fig. 6.18 Thermal expansion vs. temperature for an imaginary Invar alloy. 

Thee thermal-expansion measurements were carried out in a home-made 

equipmentt in the temperature range from room temperature to 700 °C at a heating rate 

off  30 °C/h. The results will be presented in the following sections. 

Inn thermal-expansion measurements, the length increase or decrease of 

thee considered sample was measured as a function of temperature. The change in 

lengthh was not normalised to zero at T - 0 °C because we only need the slope of 

thee graphs to determine the linear-expansion coefficient as mentioned in Eq. (6.4). 

Inn Fig. 6.19, we present the change in the length of Fe60Pt40 as a function of 

temperature.. The change of temperature is controlled at a heating rate of 30 °C/h. 

Att temperatures below 200 °C, Fe60Pt4o is not yet in thermal equilibrium. Therefore, 

thee data in this temperature range should be neglected. When the temperature increases 

abovee 200 °C, we observed in general two anomalies in the measured curve. The first 

onee at low temperatures around 350 °C (marked by Tc), reflects the magnetic-ordering 

transition.. At higher temperature above 550 °C (marked by 7",), another anomaly occurs 

whichh is due to the fcc-fct structural phase-transition. 
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Fig.Fig. 6.19 Temperature dependence of the length change of Fe60Pt40. 

Thermal-expansionn measurements were also carried out on Fe59.7Pt39.8Nbo.5 

andd Fe59.g5Pt39.9Alo.25- The temperature dependencies of the change of the sample length 

aree shown in Figs. 6.20 and 6.21 for Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25, respectively. 

Thee same heating rate of 30 °C/h was used in the measurements. 

Inn these measurements two anomalies were found similar as for Fe6oPt4o 

Too analyse the results in more detail, we now consider the data obtained on Fe60Pt4o as 

ann example. We define the values of slope before and after an anomaly at 

aa temperature Tas a(T' ) = 
11 f dl 

ll 00 \ dT jT-
andd a(T+ ) = É-)É-) where T"and T+ 

dTdT L 

aree temperatures at which the slope below and above the phase transition 

iss characteristic. 

Wee can see that the slopes of the curves at about 350 °C are slightly smaller 

thann at 200 °C and even continue to decrease up to the Curie temperature (Tc). 

Thee difference for Fe60Pt4o is largest, followed by Fe59.7Pt39.gNbo.5 and Fe59.g5Pt39.9Alo.25-

Att the Curie temperature, the slope suddenly increases. This local minimum in 

thee slopes of the curves is the result of the Invar effect. The Tc values of these samples 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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aree determined from Figs. 6.19-6.21 as the jump in the II  versus T curves. 
AT AT 

Thee results are listed in Table 6.8 in which the values of the ratio a(T+)la{T~) , 

thee ratio of the linear-expansion coefficient just after and just before the magnetic 

phasee transition, are also given. One can compare the Invar effect for different samples 

usingg these values. 

00 100 200 300 400 500 600 700 800 

Temperaturee ) 

Fig.Fig. 6.20 Temperature dependence of the length change ofFeS97Pt39SNb0 

00 100 200 300 400 500 600 700 800 

Temperaturee ) 

Fig.Fig. 6.21 Temperature dependence of the length change ofFe^^Pt^gAl^ 
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Figuress 6.19-6.21 also show the fcc-fct transformation at the structural phase-

transitionn temperature Tt. At this temperature, the thermal expansion of the samples 

suddenlyy decreases due to the structural phase-transition. For F e ^ t^ and 

Fe59.7Pt39.gNbo,5,, the expansion even turns into a contraction. Again from the jump of 

thee I versus T curves, the phase-transition temperatures are derived as listed in 

Tablee 6.8. It is also found that the linear-expansion coefficients before and after 

thee phase-transition temperature are different, although the difference is quite small for 

Fe59.7Pt39.8Nbo.5-- In Table 6.8, this difference is denoted by the ratio a(Tt
+ ya{T~)

Thiss definition is similar to the definition of a(T* ya(T~) -

Tablee 6.8 Results of the thermal-expansion experiments. 

Sample e 

FeöoPt̂  ^ 

Fe59.7Pt39.8Nbo.5 5 

Fe59.g5Pt399Alo.25 5 

TTcc (°C) 

356 6 

387 7 

396 6 

a(T^ya(Ta(T^ya(Tcc-) -) 

3.5 5 

1.6 6 

1.4 4 

TTtt(°C) (°C) 

564 4 

658 8 

627 7 

a{T;ya{T~) a{T;ya{T~) 

1.9 9 

1.1 1 

1.5 5 

6.3.36.3.3 Conclusions 

Thee thermal expansion of Fe6oPt4o, Fe59.7Pt39.8Nb0.5 and Fe59g5Pt39.9Alo.25 has been 

analysed.. The results show a decrease in the linear-thermal-expansion coefficients 

aroundd 350-400 °C and 600-650 °C. These anomalies are associated with the Invar 

effectt near the Curie temperature and with the fcc-fct structural phase-transition in 

thesee alloys, respectively. The results are consistent with the work presented by 

KuBmannn [17]. 

Thee Curie temperatures of these alloys, as presented in Table 6.8, are about 

300 °C higher than the values obtained in the DSC experiments. Due to the absence of 

aa reference temperature in the thermal-expansion measurements, there can be 

ann experimental error of 20 °C. Besides, the lower homogenisation temperature 

12500 °C may also lead to a different fct/fcc phase ratio in the as-quenched samples 

http://Fe59.7Pt39.gNbo
http://Fe59.7Pt39.8Nbo.5
http://Fe59.g5Pt399Alo.25
http://Fe59g5Pt39.9Alo.25
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comparedd to those measured by DSC. These are possible reasons why the thermal -

expansionn measurement does not give the same result for the Curie temperature. 

Thee structural phase-transition temperatures Tt of these alloys are compared to 

thee temperature Tp obtained in the DSC experiment. Thus, the thermal-expansion 

resultss regarding the value of Tp are acceptable. 

Thee thermal-expansion results regarding the behaviour of the samples at 

thee structural phase transition can be compared to the XRD results. In the thermal-

expansionn experiments, the length of Fe60Pt40 and Fe59.7pt39.8Nb0.5 was reduced during 

thee phase transition. This phenomenon was also observed in the XRD in which 

thee unit-cell volume of the fct phase is found to be smaller than in the fee phase. 

Therefore,, thermal-expansion measurement is a complementary method to study 

thee structural transformation of solid materials. 
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Chapterr  7 

Small-anglee neutron-scattering study 

onn some alloys based on Fe-Pt 

WeWe present a study on the microstructure of the alloys Fe^t^ 

FeFe597597PtPt33g^lbog^lboSS and Fe59g5Pt39.9Alo.25 using small-angle neutron-

scatteringscattering (SANS). The correlation between the SANS results and 

otherother microstructure analyses will  also be discussed. 

7.11 Introductio n 

Ass mentioned in refs. [1] and [2] and in the previous chapters, Fe-Pt alloys have 

attractedd much attention because of their good corrosion resistance, 

highh magnetocrystalline anisotropy, high coercivity and large energy product. 

Thee prominent magnetic properties are intimately connected with the fcc-fct structural 

phase-transitionn in these alloys. By adding a small amount of a third element, such as 

Nbb and Al, the magnetic properties of Fe-Pt alloys can be further improved. 

Too understand the mechanism responsible for the high-performance magnetic 

properties,, an analysis of the change in microstructure under heat treatment is 

important.. In the previous chapter, transmission electron microscopy (TEM) has been 

employedd to investigate the microstructure. This technique, however, only allows to 

studyy a small surface of the order of several (im2, whereas with small-angle neutron 

scatteringg (SANS) one can investigate not only the whole surface of the sample but 

alsoo the bulk properties of nanometer-sized systems. 

SANSS data include the scattering from the nuclei and from magnetic 

contributions.. Therefore, by analysing the SANS data, one can obtain information on 

http://Fe59g5Pt39.9Alo.25
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thee size of the particles and the magnetic domains in the phases in the sample. 

Inn combination with an applied magnetic Field, SANS is a useful technique for this 

purpose. . 

7.22 Experimental 

Alloyss based on the chemical formula F e ^ t ,̂ Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25 

weree prepared by arc-melting appropriate amounts of the pure elements (3N) under a 

purified-argonn atmosphere. The melts were cast and then cut into disk-shaped samples 

withh a diameter of 10 mm and about 0.5 to 1 mm thick for the SANS measurements. 

Alll  samples were annealed at 1325 °C for 1 h under argon atmosphere and 

quenchedd in water (as-quenched sample). To produce hard-magnetic properties, 

thee samples were subjected to an ageing process performed at 625 °C for 1 h for 

Fe60Pt40,, at 625 °C for 24 h for Fe59.7Pt39.sNbo 5 and at 525 °C for 24 h for 

Fe59.g5Pt39.9Alo.25.. This process was terminated by quenching in water (aged sample). 

Thee SANS experiments were carried out on the instrument Dl l at the ILL 

(Grenoble,, France). The samples were measured at room temperature and in an applied 

transversee magnetic field of up to 1.2 T, perpendicular to the neutron-beam direction. 

Thee neutron wavelength was X = 1 nm with a wavelength spread of AA/A. = 10 %. 

Duringg the measurement, a two-dimensional position-sensitive detector was placed at 

threee distances of 10.5 m (or 13 m), 16.5 m, and 40.5 m to reach a scattering vector Q 

inn the range = 0.006 - 0.5 nm"1. The SANS measurements were carried out at room 

temperaturee in three different states: before applying the magnetic field (the virgin 

state),, in the magnetic field (the field state) and after removing the magnetic field 

(thee remanent state). On the raw data, a background correction was performed using an 

emptyy Cd slit. The corrected data were calibrated absolutely by measurements of 

aa water standard. 

Wee observed pronounced scattering in the virgin, field and remanent states. 

Afterr the ageing, the scattering behaviour of Fe59.7Pt39.gNbo.5 and Fe59.g5Pt39.9Alo.25 has 

significantlyy changed. For Fe^Lto, we did not observe much difference between 

thee SANS data of the as-quenched and the aged samples. 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.7Pt39.sNbo
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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7.33 Characterisation of SANS data 

Thee two-phase model is one of the most commonly used approximations in small-angle 

scattering.. In this model, one assumes that the microstructure of 

aa particular system can be described by a collection of particles with uniform 

scattering-lengthh density pp, embedded in a matrix with scattering length density pm. 

Byy using this assumption several important relations can be derived as presented in 

thee following sections. 

7.3.17.3.1 Scattering at low-Q: the Guinier approximation 

Forr a dilute system of randomly oriented particles, the scattering intensity in the low-Q 

rangee of the SANS radial scattering cross-section (usually for QRg < 1.2) follows the 

Guinierr approximation [3]: 

wheree I0 is the scattering intensity at Q = 0, Rg is the radius of gyration. 

Iff  this approximation holds, a plot of log I(Q) versus Q2 shows a linear region 

forr small Q and the characteristic size of a particular system can be obtained. 

Forr example, the relation between the average radius of spherical particles and the 

radiuss of gyration can be determined from R = (5/3)u2 R - However, it is important to 

notee that interference effects between the particles should be negligible in this 

approximation.. In many metallic alloys, the Guinier approximation is not valid and 

thereforee the quantity Rg cannot be used. Other approaches such as a Fourier 

transformationn of the SANS data need therefore to be considered. 

7.3.27.3.2 Scattering at high-Q: the Porod law 

Inn the high-Q tail region of the I(Q) curve, the Porod law can be used for a two-phase 

systemm of particles with smooth surfaces and sharp boundaries [4]: 

KQ)KQ) = KPQa+B (7.2) 

withh KP the Porod constant, the exponent a which usually equals 4, and B a Q-

independentt (incoherent) background parameter. 
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Thee Porod constant is related to the total surface area per unit volume Sv of 

thee particles by: 

KKpp=2x(Ap)=2x(Ap)22SSvv (7.3) 

wheree Ap = pp - pm is the contrast in scattering-length density between the particle (pp) 

andd the matrix (pm). If the contrast Ap is known, the value of Sv of the particles can be 

determined. . 

Iff  the interphase boundaries are diffuse, the value of the exponent a may be 

differentt from 4. In the Porod region, the scattering is strongly influenced by 

thee incoherent background level. If the I(Q) curve is not measured to sufficient large Q 

values,, the Porod law cannot be employed. 

7.3.37.3.3 Fourier transformation 

Forr an ensemble of randomly distributed scattering objects, the scattering intensity 

dependss only on the magnitude Q and can be expressed as [3]: 

ƒ(ö)) = 47T A r | S i n ( g r) p(r)dr (7.4) 
Joo Qr 

wheree N is the surface density and p(r) = yirjr 2 is the pair distance distribution 

function,, y(r) is the correlation function. 

Duee to the experimental limitations, for example the limited Q range as 

mentionedd above, the determination of p(r) by using a direct Fourier transform may 

leadd to appreciable systematic errors. To solve this problem several procedures have 

beenn developed. The indirect Fourier transform is most widely used to determine p(r) 

inn isotropic systems [5, 6]. In this method, the scattering curve I(Q) is fitted by using 

aa distance distribution function described by a linear combination of the spline 

functionss <pv(r): 

p(r)p(r) = J^cv<pv (7.5) 

Thee best values for the parameters cvare determined from the fitting by a least-squares 

methodd using a Lagrange multiplier as stabilisation parameter. 



Small-angleSmall-angle neutron-scattering study ... 139 

Iff  a system can be considered as monodisperse, the distance distribution 

functionn p(r) can be determined from the scattering intensity calculation. 

Thee maximum correlation distance Dmax which is related to the magnetic domain size 

cann be obtained from this function. In the case of a polydisperse system, where 

particless may have different shapes, sizes or compositions, the size/volume distribution 

functionn D(R) can be determined. The average particle size is then derived from 

thee D(R) curve. 

7.3.47.3.4 The Porod invariant 

Forr a two-phase system, if the scattering intensity is determined over a large Q range, 

thee Porod invariant is given by 

QQPP=]l(Q)Q=]l(Q)Q 22dQdQ = 2x(Ap)2 (7-6) 

o o 

Thee Porod invariant [4] is an important quantity because it represents 

thee mean-square fluctuation of the system, which is insensitive to structural features of 

thee scattering objects. Its value can be obtained directly by integrating the I(Q) curve. 

Inn combination with Eq. (7.3), one can obtain: 

vv QP 

AA spherical particle with radius R has an area S = AnR2, a volume V = AnR /3 and 

aa total surface area per unit volume Sv - S/V = 3/R. Therefore, the average radius of 

sphericall  particles equals 

RR = l®£- (7-8) 
7lK7lKp p 

1A1A Results and discussion 

7.4.17.4.1 FewPUo 

Inn Figs. 7.1 and 7.2, the radial scattering cross-section (the scattering intensity, denoted 

byy /) obtained in the SANS experiments is presented as a function of the of the 
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scatteringg vector Q for an as-quenched and an aged Fe60Pt4o, respectively. The 

scatteringg intensities do not differ much. 

10c c 

10= = 

104!r r 

10J J 

I02lr r 

101 1 

üü virgin 
AA in field 

 remanence 

1E-33 0.01 0.1 1 

Q(nm"1) ) 

Fig.Fig. 7.1 Q dependence of the SANS intensities for as-quenched Fe^t^ 
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Fig.Fig. 7.2 Q dependence of the SANS intensities for the aged Fe60Pt40. 

Inn general, small-angle neutron scattering on a sample comprises the total 

contributionn from the nuclear and magnetic scattering. For the considered Fe-Pt alloys 

wee observed that, in the field and remanent states, the scattering intensities are 

significantlyy smaller than in the virgin state. Therefore, in the virgin state the scattering 

contributionn from randomly oriented magnetic domains is dominant. However, 
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thee SANS data in the field state are characterised by a inhomogeneous magnetisation. 

Thus,, in this state, the scattering from particles with different magnetisation becomes 

thee main contribution. For the remanent state, the analysis is more complicated and not 

veryy reliable due to significant contributions from all parts. Therefore, we only analyse 

thiss state for comparison with the other. 

(a):(a): the virgin state. 
* * <* <* 

^ ^ 

ftt t 

JT T 

* * 

** ** 

fee e 
* * 

i-thi-th domain 

4 4 t t 
f f 

* * 

4 4 

4 4 

t t 
t t 4 4 

**** M *r 
** *r * 

* * * * * * 

j-thj-th domain 

r r tt H t 

tRt t 

(b):the(b):the field state. 
TheThe field direction B 
isis also indicated. 

Fig.Fig. 7. 3 Structural model of magnetic domains and fee and fct particles in Fe-Pt alloys. 

Too visualise the situation, we present in Fig. 7.3 a structure model in which 

wee assume that the magnetic-domain size is larger than the fee and fct particle sizes. 

Inn the virgin state, one may expect that the magnetic domains are randomly oriented 

andd approximately of the same size. Let us simply indicate the fee and fct particles as 

alternatingg particles in each domain. In the virgin state, the magnetic moments of 

thee fee and fct particles are parallel within each domain. The small-angle neutron 

scattering,, therefore, has main contributions from randomly oriented magnetic i-th, 

j-th,j-th, etc. domains in the whole sample (Fig. 7.3a). However, when a magnetic field is 

applied,, the magnetic moments of the soft-magnetic fee particles are more easily 

orientedd along the magnetic field direction than those of the hard-magnetic fct 

particles.. This different behaviour in magnetic field of the fee and fct phases gives rise 
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too a new microstructure as depicted in Fig. 7.3b. In this case, the scattering on the fee 

andd fct particles, which have different magnetisation directions, is dominant. 

Too analyse the SANS data, we therefore propose that the monodisperse model is 

suitablee for the Fe-Pt alloys in the virgin state. For the field state, and maybe for 

thee remanent state, the polydisperse model is necessary. 

7.4.1.17.4.1.1 Direct analysis 

a.a. The Guinier approximation 

Inn the low-£> range (below 0.02 nm) of the I(Q) curve, the Guinier approximation was 

appliedd for the as-quenched and aged Fe60Pt40 samples. The parameters used in the 

fittingg process are listed in Table 7.1. 

Tablee 7.1. The parameters for Fe60Pt40 obtained from the Guinier law. 

Sample e 

State e 

virgin n 

field field 

remanent t 

as-quenched d 

h h 
(lO'cm"1) ) 

17.99 3 

12.0+1.1 1 

36.77  1.9 

(nm) ) 

83.9+1.4 4 

157.00 6 

159.99 + 5.0 

QQ range 

(nm) ) 

<0.02 2 

<< 0.015 

<< 0.015 

aged d 

(104cm"]) ) 

21.00  0.1 

10.00 6 

50.99 6 

RRgg (nm) 

80.00 6 

174.77 1 

165.55 7 

QQrange range 

(nm) ) 

<0.02 2 

<< 0.015 

<< 0.015 

Thee average radius of spherical particles determined by the relation 

/JJ = (5/3)1 zRg, however, is much larger than that of the TEM result where the sizes of 

thee fct particles were determined to be about 1-5 nm for the as-quenched and aged 

samples.. The interference effects between the fee or/and the fct particles may be 

considerablee so that the above relation is not valid. We also observed this effect for 

Fe59i7Pt39.gNbo.55 and Fe59.g5Pt39.9Alo.25-

b.b. The Porod law 

Forr as-quenched and aged Fe60Pt40, the Porod law was used in the high-£> regions of 

thee I(Q) curve (see Table 7.2). In the analysis, the Porod exponent a is as 

http://Fe59.g5Pt39.9Alo.25
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ann unknown parameter. The results derived from the Porod fitting are presented in 

Tablee 7.2. In most cases, we found a large incoherent background B with a large error. 

Thiss was also found for as-quenched Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25- It means 

thatt the Porod law is not suitable for these samples. For these samples the SANS data 

inn the higher-Q region were not taken into account in the extrapolation because 

thee behaviour of the I(Q) curves is much different from the Q'a law. This may be 

thee reason for the deviation from the Porod law. 

Tablee 7.2. Parameters obtained from the Porod law for Fe^t .̂ 

Sample e 

State e 

virgin n 

field field 

remanent t 

as-quenched d 

1 0 9 ^ ^ 

(nm, a) ) 

76.22  57.9 

0.99 1 

2.55 3 

B B 

(cm') ) 

-2000  400 

20.00  2.4 

5000 + 37.3 

a a 

3.222 4 

3.477 3 

3.522 4 

ÖÖ range 

(nm) ) 

0 .05<£<0.12 2 

0.0188 <Ö<0.045 

0.0255 < Q < 0.056 

Sample e 

State e 

virgin n 

field d 

remanent t 

aged d 

1099 KP 

(nm"'"a) ) 

0.22  0.06 

0.3+0.02 2 

0.77 1 

B B 

(cm"') ) 

-1000 8 

-1000 4 

1000 1 

a a 

4.266 0 

3.599 1 

3.866 4 

Orange e 

(nm) ) 

0.0455 < Q < 0.092 

0.0155 <Q<0.045 

0.022 <Q<0.056 

7.4.1.27.4.1.2 Model fitting 

Thee I(Q) curve can also be fitted by means of the indirect Fourier-transform method to 

determinee the distance distribution function p(r) for a monodisperse system or the 

volumee distribution function D(R) for a polydisperse system. The latter model, 

however,, could not be applied to Fe6oPt4o (and also not to as-quenched Fe59.7Pt39.8Nbo.5 

andd Fe5985Pt39 9Al0.25,, as we will discuss later). Therefore, in this part, we only present 

thee calculation based on the monodisperse model for F e ^ t ^. 

http://Fe59.g5Pt39.9Alo.25
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1 ^ E - 3 3 0.011 0.1 

QQ (nm"1) 

Fig.Fig. 7.4 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor as-quenched Fe6oPt40. 

0.011 0.1 

QQ (nm1) 

Fig.Fig. 7.5 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe60Pt40. 

Tablee 7.3 Fitting parameters for the virgin state of Fe60Pt4i 

Sample e 

as-quenched d 

aged d 

D - ,, (nm) 

240 0 

235 5 

RRgg (nm) 

75.22 + 0.3 

74.8+0.2 2 

/0(104cm4) ) 

15.33 1 

18.99 + 0.1 

Inn Figs. 7.4 and 7.5, we present the SANS data for as-quenched and aged 

Fe60Pt4o,, respectively, together with the fitting results using the GNOM program [7]. 

Reasonablee fits to the experimental data are obtained. It should be noted, however, that 

forr the monodisperse model only the SANS data in the virgin state are important to 

determinee the magnetic-domain size. 

Thee parameters obtained from the fitting are presented in Table 7.3 in which 

DDmaxmax is the maximum correlation distance. The distance distribution functions p(r) are 

plottedd in Figs. 7.6 and 7.7 for the as-quenched and aged samples, respectively. 

Becausee of the dominance of the magnetic-domain scattering in the virgin state, 

thee average magnetic-domain size can be estimated from Dmax, which is about 240 nm 

forr both as-quenched and aged Fe60Pt40. 
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1000 150 
rr (nm) 

Fig.Fig. 7.6 Distance distribution function 

p(r)forp(r)for as-quenched Fe60Pt4o. 

1000 150 

rr (nm) 

Fig.Fig. 7.7 Distance distribution function 

p(r)forp(r)for aged Fe60Pt40. 

250 0 

Too estimate the particle size, the SANS data in the field state should be used. 

Besides,, due to the possibility of the presence of both fee and fct particles in 

thee samples, the application of the polydisperse model is necessary. However 

ass mentioned before, this model is not suitable for the Fe60Pt4o samples. 

7.4.27.4.2 Fe59.7Pt39.8Nb0.5 

Thee Q dependence of the SANS data for as-quenched and aged Fe59 7Pt39.8Nbo.5 are 

presentedd in Figs. 7.8 and 7.9, respectively. The scattering intensities are different in 

thee virgin, the field and the remanent states for both samples. For the aged sample, the 

scatteringg intensities in the field and remanent states are significantly larger than in the 

as-quenchedd sample. 

7.4.2.17.4.2.1 Direct analysis: the Porod law 

Thee Porod law was applied in the high-Q regions of the I(Q) curve of aged 

Fe59.7Pt39.8Nbo.5.. The parameters obtained from the Porod fitting are listed in Table 7.4. 

Inn the analysis, the Porod exponent a is considered as an adjustable parameter. 

Thee parameter KP of the aged samples will be used latter to calculate the particle size 

{see{see Section 7.4.2.3). 
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Fig.Fig. 7.8 Q dependence of the SANS intensities for as-quenched FeS91Pt39SNb0i. 
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Fig.. 7.9 Q dependence of the SANS intensities for aged Fe597Pt398Nb0,s. 

Tablee 7.4 Parameters obtained from the Porod law for aged Fe597Pt398Nb05. 

State e 

virgin n 

field field 

remanent t 

10yy KP 

(nm"1-») ) 

344.11 9 

160.77 8 

512.11 9 

B B 

(cm"1) ) 

-12.88 5 

-2.88 3 

-1.67+0.1 1 

a a 

2.944 1 

2.944 7 

2.488  0.05 

QQ range 

(nm) ) 

0.244 < Q < Qmax 

0.255 <Q<Qmax 

0.22 <Q<Qmax 
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7.4.2.27.4.2.2 Model fitting 

a.a. The monodisperse model 

Firstt we consider Fe59.7Pt39.8Nbo.5 as monodisperse systems. The SANS data of the as-

quenchedd and aged samples in the virgin state and the fitting results by means of the 

GNOMM program are presented in Figs. 7.10 and 7.11, respectively. 

Thee experiments and calculations are in good agreement. 

QQ (nm'1) 

Fig.Fig. 7.10 Experimental and calculated 
QQ dependence of the SANS intensity 
forfor as-quenched FeS97Pt39gNb0,5. 

Fig.Fig. 7.11 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe597Pt398Nb05. 

Thee parameters obtained from the fitting are presented in Table 7.5. 

Thee distance distribution functions are plotted in Figs. 7.12 and 7.13 for the as-

quenchedd and aged samples, respectively. 

Tablee 7.5 Fitting parameters for the virgin state of Fe59 7Pt39 8Nb0.5. 

Sample e 

as-quenched d 

aged d 

DnaxDnax (nm) 

145 5 

105 5 

RRgg (nm) 

46.22 1 

32.910.1 1 

/ „ ( lO^m 1) ) 

8.66 2 

5.66 1 

Thee functions p(r) display maxima at diameter values of r = 51.8 nm for 

thee as-quenched sample and of 34.5 nm for the aged sample. From the Dmax value 

thee average magnetic-domain size of the as-quenched sample is derived to be about 
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1500 nm. For the aged samples this value is 100 nm. To estimate the size of 

thee particles, an analysis of the field state data by the polydisperse model should 

bee performed. 

150 0 

Fig.Fig. 7.12 Distance distribution function p(r) 

forfor as-quenched Fe5g7Pt398Nb05. 

Fig.Fig. 7.13 Distance distribution function p(r) 

forfor aged FeS9JPt398Nb0,s. 

b.b. The polydisperse model 

Thee calculations based on the experimental data in combination with 

thee polydisperse model [7] are plotted in Figs. 7.14 for aged Fe59 7Pt39.8Nbo.5. The fits 

aree in reasonable agreement with the experimental data. The data of the as-quenched 

samplee could not be fitted and are therefore not presented here. 

Inn Table 7.6, we present the parameters obtained from the fitting with Rmax 

beingg the maximum radius of the particles. 

Thee volume distribution function D(R) of the spherical particles is plotted in 

Fig.. 7.15 for aged Fej97Pt398Nb05. The D(R) curve for the field state displays 

aa maximum at R ~ 6 nm. There are other small peaks at around 22 and 48 nm. 

Thee main peak at about 6 nm correlates with the fine fct nano-particles with average 

sizee of 3-8 nm as observed by TEM. 
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105 5 

104 4 

103 3 

102 2 

101 1 

1 1 

AA in field 
 remanence 

<\E-<\E- 0.01 1 0.1 1 

QQ (nm1) 

Fig.Fig. 7.14 Experimental and calculated Q dependence 

ofof the SANS intensity for aged FeS97Pt3^sNb05. 

Tablee 7.6 Fitting parameters for aged Fe59 7Pt39 8Nb0 5. 

State e 

field field 

remanent t 

RRmamaxx (nm) 

125 5 

106 6 

RRgg (nm) 

84.55 + 0.1 

67.77 1 

/0(104cm-') ) 

14.22 1 

13.410.1 1 

0.025 5 

0.0200 -

0.0155 -

0.0100 -

0.005 5 

0.000 0 

Fig.Fig. 7.15 Volume distribution function D(R)for aged FeS9jPt39gNb0,s. 
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7.4.2.37.4.2.3 The Porod invariant 

Wee will now consider the size of the fct particles of aged Fe59 7Pt39 8Nb0.5 by means of 

thee Porod invariant QP and the Porod constant KP (see Eq. (7.8)). 

Byy integrating the I(Q) curves, we obtain the values of the Porod invariant QP and 

thereforee the average particle sizes as listed in Table 7.7. The average size of the fct 

particless of 4 nm is consistent with the result obtained by TEM where the fct particle 

sizess are estimated to be about 3-8 nm. 

Tablee 7.7 The fct particle size for aged Fe597Pt39 8Nb0.5. 

State e 

field field 

remanent t 

QQPP ( l (r 7nnïa) 

3.253 3 

5.705 5 

Kp(lfT 7nm~'-a) ) 

1.607 7 

5.121 1 

2R2R (nm) 

3.9 9 

2.1 1 

7.4.3.7.4.3. Fe&ssPtjg.gAlojs 

Thee same analysis procedure was carried out on the SANS data of Fe59.85Pt399Alo.25, 

whichh are displayed in Figs. 7.16 and 7.17. Detailed results will be presented in the 

followingg sections. 

105 5 

104 4 

^ 1 0» » 

"" 102 

101 1 

" E - 33 0.01 0.1 ~~1 

QQ (nm"1) 

Fig.Fig. 7.16 Q dependence of the SANS intensities for as-quenched FeS9.S5Ptj99Al02s-

r r 

r r 

r r 

• • 
A A 

• • 

virgin n 
inn field 
remanence e 

http://Fe59.85Pt399Alo.25
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104 4 

r i o 2 2 

101 1 

1C^E-33 0.01 0.1 1 

QQ (nrrf1) 

Fig.Fig. 7.17 Q dependence of the SANS intensities for aged Fe59.g5Pt3g9Al025. 

7.4.3.17.4.3.1 Direct analysis: the Porod law 

Thee parameters derived from the Porod fitting are listed in Table 7.8 for aged 

Fe59.85Pt39.9Alo.25-- In the fitting, the Porod exponent a is considered as an adjustable 

parameter.. The parameter KP of the aged samples will be used later to calculate 

thee particle size {Section 7.4.3.3). 

Tablee 7.8 Parameters obtained from the Porod law for aged Fe59 85Pt39 9A10.25-

State e 

virgin n 

field d 

remanent t 

WW99KKP P 

(nnï1-0) ) 

291.6+12.7 7 

227.33 9 

342.00  42.0 

B B 

(cm"') ) 

-7.99 + 0.7 

-3.33 + 0.8 

-7.77 + 0.1 

a a 

2.600  0.03 

2.366 5 

2.277  0.08 

orange e 

(nm) ) 

0-2<Q<Q0-2<Q<Qmax max 

0.255 <Q<Qmax 

0.255 <Q<Qmax 

7.4.3.27.4.3.2 Model fitting 

a.a. The monodisperse model 

Lett us assume that also Fe59.s5Pt399Alo.25 are monodisperse systems then 

thee same fitting will hold as for Fe597Pt39.8Nbo.5- In Figs. 7.18 and 7.19, we present the 

SANSS data in the virgin state for the as-quenched and aged samples, respectively, 

--

--

k k 

00 virgin 
AA in field 

 remanence 

http://Fe59.85Pt39.9Alo.25
http://Fe59.s5Pt399Alo.25
http://Fe597Pt39.8Nbo.5
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togetherr with the fitting results. Reasonable fits to the experimental data are obtained. 

Thee parameters obtained from the fitting are presented in Table 7.9. 

Fig.Fig. 7.18 Experimental and calculated 
QQ dependence of the SANS intensity 
forfor as-quenched Fe59S5Pt399Alo,25-

0.011 0.1 

QQ (nm1) 

Fig.Fig. 7.19 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe59S5Pt399Al02s. 

Tablee 7.9 Fitting parameters for the virgin state of Fe59.g5Pt39.9Alo.25. 

Sample e 

as-quenched d 

aged d 

DDmaxmax (nm) 

155 5 

140 0 

R„R„  (nm) 

45.00 1 

44.010.1 1 

70(104cm-') ) 

8.010.02 2 

7.710.02 2 

Thee distance distribution functions are plotted in Figs. 7.20 and 7.21 for as-

quenchedd and aged Fe59.85Pt39.9Alo.25, respectively. The magnetic-domain size as 

derivedd from the virgin state is about 155 nm for as-quenched Fe59.85Pt39.9Alo.25 and 

aboutt 140 nm for aged Fe59.85Pt39.9Alo.25. 

b.b. The polydisperse model 

Wee will now use the polydisperse model to analyse the SANS data of 

thee Fe59 85Pt399AI0 25 alloys. In Fig. 7.22, we present the experimental data and 

thee calculations for aged Fe59.85Pt39.9Alo.25- The fits are in reasonable agreement with 

thee experimental data. It should be noted that, using this model, we only focus on 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
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thee SANS data in the field state. The data of as-quenched Fe59.g5Pt39.9Alo.25 cannot 

bee fitted. 

100 0 

DD (nm) 

500 100 150 

DD (nm) 

200 0 

Fig.Fig. 7.20 Distance distribution function p(r) Fig. 7.21 Distance distribution function p(r) 

forfor as-quenched Fe59SSPt399Al025. for aged Fe5g8SPt39gAlf125-

10"" f 

105 5 

104 4 

103 3 

102 2 

101 1 

iq q 

AA in field 
 remanence 

E-3 3 0.011 0.1 

QQ (nm1) 

Fig.Fig. 7.22 Calculated Q dependence of the SANS intensities for aged FeS9.85Pt399Alo.25-

Thee parameters and the volume distribution functions of the spherical particles 

obtainedd from the fitting are presented in Table 7.10 (where Rmax is 

thee maximum radius of the particles) and in Fig. 7.23. 

http://Fe59.g5Pt39.9Alo.25
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Tablee 7.10 Fitting parameters for aged Fe5985Pt399Alo.25-

State e 

field field 

remanent t 

RmaxRmax (nm) 

130 0 

125 5 

RRgg (nm) 

90.55 1 

84.3+0.1 1 

/0(104cm') ) 

12.33 1 

18.99 1 

0.020 0 

0.015 5 

~~ 0.010 
Q Q 

0.005 5 

0.000 0 
00 10 20 30 40 50 

R(nm) ) 

Fig.Fig. 7.23 Volume distribution function D(R)for aged FeS9̂ 5Pt399Al0,25. 

Inn the field state, the D(R) curve displays a maximum at R ~ 4 nm. There are 

twoo other small peaks around 12 and 22 nm. The main peak at about 4 nm correlates 

withh the fine fct nano-particles with average size of 3-7 nm, as can be seen in the 

TEMM images. 

7.4.3.37.4.3.3 The Porod invariant 

Fromm Eq. (7.8), by using the Porod invariant QP and the Porod constant KP, the size of 

thee fct particles of aged Fe59.g5Pt39.9Alo.25 can be estimated as indicated in Table 7.11. 

Thee average size of the fct particles of about 3.5 nm agrees well with 

thee result obtained by TEM analysis, which provides sizes of about 3-7 nm. 

http://Fe59.g5Pt39.9Alo.25
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Tablee 7.11 The fct particle sizes for aged Fe59.g5Pt399Alo.25. 

State e 

field d 

remanent t 

0/>(10-7nm-a) ) 

4.180 0 

5.885 5 

Ar /.(10"7nm-,'°) ) 

2.273 3 

3.42 2 

2R2R (nm) 

3.5 5 

3.3 3 

7.55 Conclusions 

Thee SANS data of Fe^Uo, Fe59.7Pt39.8Nbo.5 and Fe59.s5Pt39.9Alo.25 were analysed by 

meansmeans of several methods. For the high-Q range, the Porod law is not only valid for an 

exponentt value a = 4 but even for values smaller than 4. This suggests non-smooth and 

non-sharpp surfaces (boundaries) of (or between) the particles which may be connected 

withh lattice defects or an inhomogeneous distribution of the elements [8]. 

Thee monodisperse model was applied to fit the SANS data of all samples in 

thee virgin state. Information on the magnetic-domain size was obtained which is in the 

rangee of a few hundred nanometres, in agreement with reported results for the FePt 

alloyy [9]. 

Too determine the average fct particle size, the polydisperse model was used 

forr the SANS data in the field (and remanent) states. Furthermore, the particle size 

wass also estimated from the Porod invariant. The results are in agreement with 

thee microstructure analysis using transmission electron microscopy. 
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Summary y 

Sincee the time of their discovery, permanent magnets have been widely used in 

science,, industry and our daily life. Many applications have been found in 

thee biomedical field, such as the use of permanent magnets for bio-surgical devices, 

inn dentures, orthopaedics, wound closures, stomach seals, repulsion collars, cancer cell 

separators,, magnetomotive artificial hearts and magnetic-resonance-imaging scanners. 

Amongg them one of the most promising applications is prosthetic dentistry where 

conventionall  magnets have been used as retentive aid for removable partial dentures 

inn the human mouth. Attachment of the dentures is carried out by means of the strong 

attractionn between magnets in the dentures and soft-magnetic materials of the root 

caps.. Owing to the continuous presence in such a complex working environment, 

permanentt magnets need to be not only powerful but also non-corrosive, which usually 

cannott be found in commercial materials, e.g. Nd-Fe-B magnets. This stringent 

requirementt is only met in Pt-rich alloys. These alloys possess excellent magnetic, 

corrosion-- and wear-resistance properties. In this work, we therefore have developed 

permanentt magnets based on T-Pt alloys (T is a 3d transition metal) as candidates 

forr dental application. 

Nowadays,, for testing modern hard-magnetic materials and magnetising small 

magnetss one requires the possibility of generating fields in excess of 10 T with 

aa reasonable duration. Based on a 150 kJ capacitor bank, we have built a compact 

magnetometer,, which allows magnetic-hysteresis loops in fields up to 20 T with 

aa peak-to-peak field reversal of 80 %. By means of this new equipment we can perform 

fastt and accurate measurements of hysteresis loops in the temperature range from 77 to 

4000 K that cover the most relevant magnetic-field and temperature ranges for hard-

magneticc materials. 

Wee studied the changes in structure, the mechanical and the magnetic 

propertiess obtained by various types of heat treatments and by chemical substitution 
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forr binary alloys TxPt10o-x- In the thermomagnetic analysis, the Hopkinson effect 

iss observed for FexPt100-x and CoJ^oo.*  alloys. This is due to the fact that the fee phase, 

whichh is not ideal, and the fct phase both have magnetic anisotropy. 

Thesee measurements also show that, in FexPt,oo-x alloys, the Curie temperature 

increasess with decreasing Fe-coordination number of the Fe atoms. In CoxPt10o-x alloys, 

wee observed an opposite dependence to that of FexPtioo-x alloys. 

Thee highest energy product (BH)max of 118 kJ/m3 is obtained for FeöoPUo after 

ageingg at 625 °C for 1 h. For Co5oPt5o aged at 650 °C for 1 h, this value equals 

899 kJ/m3. Besides, we find that Fe67Pt33 is a soft-magnetic material that can be used as 

aa root cap in the denture-retention system. All of these alloys exhibit good mechanical 

properties,, with Vickers hardness of 450 and tensile strength of 150 MPa that meet 

thee requirements for biomedical applications. 

Wee performed further studies on ternary (Fe0.6pto.4)ioo-xMx alloys in which 

MM is a non-magnetic element such as Nb and Al. The experimental results show that 

withh small amounts of the third element, beside good mechanical properties, the hard-

magneticc properties of the ternary alloys are improved compared to FeöoPUo- The best 

permanent-magnett properties are achieved for Fe59,7Pt39 8Nb0.5 aged at 625 °C for 24 h: 

BBrr = 0.98 T, BHC = 302 kA/m and (fltf) max = 125 kJ/m3. For Fe59.g5Pt39.9Alo.25, we reach 

thee best hard-magnetic properties after ageing at 525 °C for 24 h: Br = 1.02 T, 

BBHHCC = 300 kA/m and (BH)max = 132 kJ/m3. The Curie temperature of these magnets, 

aboutt 400 °C, is acceptable for biomedical applications. 

Forr aged binary and ternary Fe-Pt alloys, the small initial susceptibility of 

thee virgin magnetisation curve shows that the high coercivity in these alloys originates 

fromm pinning of domain walls. This high coercivity depends on the degree of atomic 

orderr of Fe and Pt atoms in fee and fct structures and on the microstructure of the fct 

particles.. The remanence enhancement is related to the exchange coupling between the 

soft-magneticc fee phase and nano-size hard-magnetic fct particles. The latter have sizes 

inn the range of 3-8 nm, well below the calculated critical value of 14 nm. 

Additionally,, thermodynamic studies indicate that the fec-fet transition is 

mainlyy controlled by the growth of nucleated fct sites for Fe^t ô and Fe59.g5Pt399Alo.25, 

inn contrast to both nucleation and growth processes in the case of Fe59.7Pt39 gNb0.5. 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt399Alo.25
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Thee Invar effect is found in all of these alloys. Finally, small-angle neutron-scattering 

analysiss shows that the magnetic-domain size is in the range of a few hundred 

nanometress and that the average fct particle size is a few nanometres, which is in good 

agreementt with the microstructure analysis. 





Samenvatting g 

Sindss de tijd van hun ontdekking, worden permanente magneten veelvuldig toegepast 

inn de wetenschap, de industrie en in ons dagelijkse bestaan. Er zijn vele toepassingen 

vann permanente magneten op medisch gebied. Bijvoorbeeld in chirurgische apparatuur, 

gebitsprothesen,, orthopedie, wondsluiting, maagafsluitingen, bestrijding van 

weefselafstoting,, kankercelscheiding, magnetomotorische kunstharten en bij 'Magnetic 

Resonancee Imaging' scanners. Een veelbelovende toepassing op medisch gebied is bij 

gebitsprothesenn waar conventionele permanente magneten worden toegepast om een 

gebitt in de mond te fixeren. Deze techniek wordt toegepast wanneer de kaken niet 

genoegg profiel meer hebben om het gebit op zijn plaats te houden. De fixatie wordt tot 

standd gebracht door de sterke aantrekkingskracht tussen een permanente magneet in de 

prothesee en zacht-magnetisch materiaal verankerd in het wortelkanaal van de kaak. Het 

gebitt zit dus magnetisch vastgeklikt aan de kaak maar kan ook gewoon worden 

uitgenomen.. Vanwege de permanente aanwezigheid in zo'n complexe omgeving als de 

mondholtee moeten de magneten niet alleen sterk, maar ook corrosiebestendig zijn. 

Dezee combinatie kan niet zomaar worden gevonden in commerciële permanent 

magnetischee materialen zoals neodymium-ijzer-borium (NdFeB). De combinatie van 

dezee eigenschappen vindt men alleen in platina-rijke legeringen die uitstekende 

magnetische,, corrosiebestendige en slijtvaste eigenschappen hebben. Tijdens het 

onderzoek,, dat in dit proefschrift wordt beschreven, zijn permanente magneten 

ontwikkeldd voor toepassing in gebitsprotheses, gebaseerd op T-platina (T-Pt) 

legeringen,, waar T staat voor een 3d overgangsmetaal. 

Tegenwoordigg bestaat er voor het testen en magnetiseren van moderne hard-

magnetischee materialen de mogelijkheid om magneetvelden met een redelijke tijdsduur 

enn een veldsterkte tot 10 T te genereren. Wij hebben een compacte magnetometer 

gebouwd,, gebaseerd op een 150 kj capaciteitsbank. Hiermee is het mogelijk om 

magnetischee hysteresiskrommen tot 20 T. Met behulp van dit nieuwe apparaat kunnen 
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snell  en nauwkeurig hysteresiskrommen worden gemeten in het temperatuurbereik 

tussenn 77 en 400 K. Dit gebied bestrijkt de belangrijkste magneetveld- en 

temperatuurgebiedenn voor hard-magnetische materialen. 

Wijj  bestudeerden aan de binaire TxPt|oo.x legeringen de veranderingen van de 

structuurr en van de mechanische en magnetische eigenschappen na verschillende 

warmtebehandelingenn en bij wisselende chemische samenstellingen. In de 

thermomagnetischee metingen is het Hopkinson-effect in ijzer-platina (FexPt100_x) en 

cobalt-platinaa (CoxPt|oo-x) legeringen bestudeerd. Dit effect wordt veroorzaakt doordat 

dee vlakgecenteerd kubische (fcc) fase, welke niet ideaal is en de vlakgecentreerd 

tetragonalee (fct) fase beide magnetisch anisotroop zijn. Deze metingen toonden ook 

aann dat de Curie temperatuur van FexPt|oo-x legeringen toeneemt als het 

Fe-omringingsgetall  van de Fe atomen afneemt. Bij CoxPtioox legeringen observeerden 

wijj  een tegenovergestelde afhankelijkheid als bij de FexPt|oo-x legeringen. 

Hett hoogste energieproduct (B//)max van 118 kJ/m3 is waargenomen bij 

FeöoPUo.. na veroudering gedurende 1 uur op 625 °C. Na veroudering gedurende 1 uur 

opp 650 °C is het energieproduct van Co50Pt5o gelijk aan 89 kJ/m3. Daarnaast werd 

gevondenn dat Fe67Pt33 een zacht-magnetisch materiaal is, dat bij het fixeren van het 

gebitt gebruikt kan worden als de in het wortelkanaal verankerde stift. Al deze 

legeringenn vertonen goede mechanische eigenschappen, een Vickershardheid van 450 

enn een treksterkte van 150 MPa. Deze waarden voldoen aan de eisen voor medische 

toepassing. . 

Wijj  hebben voorts onderzoek verricht aan ternaire (Fe0.6Pto.4)ioo-xMx 

legeringenn waarin M een niet-magnetisch materiaal is zoals Nb of Al. 

Dee experimentele resultaten toonden aan dat, naast goede mechanische eigenschappen, 

dee hard-magnetische eigenschappen waren verbeterd ten opzichte van het binaire 

Fe6oPt4o.. De beste hard-magnetische eigenschappen, Br = 0.98 T, BHC = 302 kA/m en 

(JB//)maxx = 125 kJ/m3 zijn gevonden voor Fe59 7Pt39 8Nb0 5, gedurende 24 uur verouderd 

opp 625 °C. Bij Fe59.85Pt39.9Alo.25, bereikten wij de beste magnetische eigenschappen na 

244 uur verouderen op 525 °C: Br = 1.02 T, BHC = 300 kA/m en (fltf) max = 132 kJ/m3. De 

Curiee temperatuur van deze magneten ligt ongeveer bij 400 °C. Dit is acceptabel voor 

medischee toepassingen. 

http://Fe59.85Pt39.9Alo.25


Samenvatting Samenvatting 163 3 

Naa veroudering vertonen de binaire en ternaire legeringen een geringe 

beginsusceptibiliteitt van de maagdelijke magnetisatiekromme. Dit toont aan dat de 

hogee coerciviteit het gevolg is het vastpinnen van domein wanden. Deze hoge 

coerciviteitt hangt af van de mate van atomaire orde van de Fe en Pt atomen in de fcc en 

dee fct structuur en van de microstructuur van de fct deeltjes. De toename van de 

remanentiee is het gevolg van de wisselwerking tussen de zacht-magnetische fcc fase en 

dee hard-magnetische fct deeltjes met nanometer-afmetingen tussen de 3 en de 8 nm, 

eenn stuk lager dan de kritische waarde van 14 nm. 

Thermodynamischee studies tonen aan dat in het geval van Fe^PtM) en 

Fe59.g5Pt399Alo.255 de fcc-fct overgang voornamelijk plaatsvindt door groei van fct 

kernen.. Dit in tegenstelling tot nucleatie en groeiprocessen in het geval van 

Fe59.7pt39.gNb0.5.. In al deze legeringen werd het Invar-effect gevonden. Tenslotte werd 

mett behulp van kleine-hoek neutronen verstrooiing aangetoond dat de grootte van de 

magnetischee domeinen binnen een paar honderd nanometer ligt en dat de gemiddelde 

afmetingg van de fct deeltjes enkele nanometers is. Dit is in goede overeenstemming 

mett de microstructuur-analyse. 

http://Fe59.g5Pt399Alo.25
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